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ABSTRACT

The analysis and reconstruction of glacial fluctuations after the last glacial maximum and, in
particular, during the Holocene allow us to better understand the environmental and climatic changes
that have occurred since the Last Glacial Maximum. The knowledge about the timing and extent of
the deglaciation after the Last Glacial Maximum in the mountain areas of the European Alps is still
limited. For these reasons, 4 study areas have been chosen in the Italian Central Alps to carry out the
project: the Forni Area, the Gavia Pass Area, the Stelvio Pass Area, and the Viola Pass Area.
Multiple approaches have been used in the areas in order to obtain deglaciation ages and past glacier
extents. The applied methods are the use of Iron Crystallinity Ratio (CRF) of podzols and its
calibration in absolute ages, the Schmidt’s Hammer R-values on roches moutonneés and its
calibration in absolute ages, the cosmogenic techniques dating, and the analysis of peatland cores.
First, a total of 29 podzols were dug, described, and sampled on the flat top of morainic ridges: 13 in
the Stelvio Pass Area, 6 in the Viola Pass Area, 8 in the Gavia Area, and 2 in the Forni Area. Whenever
possible, samples of undisturbed soil were taken with Kubiéna Boxes. Soil routine analysis (water
content, pH, particle size distribution, and LOI) have been processed on the sampled horizons of
every soil profile. In addition, chemical analyses were focused on Fe: it has been extracted both with
standard dithionite extraction and standard oxalate extraction, and its total content was calculated
with a SEM-EDX system. The crystallinity ratio (CRF), a soil weathering index, has been then

Feg—Fe,

calculated as CRF = , where Fed is the iron fraction extracted with dithionite, Feo is the iron

€tot

fraction extracted with oxalate, and Fetot is the total iron content and calibrated with absolute ages
following a logarithmic regression. Applying the calibration curve, it was possible to calculate ages
for all soil profiles and different glacial phases. From the undisturbed samples collected in Kubiéna

boxes, glass-covered soil thin sections were prepared through impregnation with polystyrene. Thin



sections were described and very high importance was given to micromorphologies related to the
presence of permafrost or ice lenses, as this could be related to the origin of podzols.

The absolute ages used in the calibration were mostly derived from peatland and lakes sediment
radiocarbon dating and from historical maps.

A second method, the Schmidt's Hammer R-value, has been measured with 25 reads on a total of 400
stations on roches moutonnées: 90 stations in the Forni Area, 171 stations in the Gavia Pass Area,
and 139 stations in the Stelvio Pass Area dividing the areas into different geomorphological units.
Calibration curves were calculated both in the Forni Area and in the Gavia Pass Area: in the Gavia
Pass Area, 4 different curves have been extracted to evaluate the best fitting between the curves
calculated using R25 and R5 values from the single station closest to the site of the 14C-dated samples
and with the mean R25 and R5 values for all stations within in the unit containing the 14C sample
site. In the Forni Area, the calibration curve has been calculated using the R25 values for all stations
within the unit containing the 14C sample sites. In both sites, the confidence interval was calculated
by applying a linear regression between the maximum and minimum of the R-value (R+Std. Dv.) and
the maximum and minimum of the 14C ages.

The third planned method was the dating of the deglaciation of roches moutonneés and of the
landslides in Viola Pass Area with cosmogenic techniques. 15 samples have been collected and
prepared for 10Be cosmogenic analysis, but due to the Covid-19 outbreak results are not available at
the moment.

Moreover, two peatland cores were then further analysed in order to try to extract some paleoclimate
informations. To achieve this goal each core was sampled taking out three samples of 1 cm® with a
vertical span of 1 cm. On these samples routine analysis (water content, pH, particle size distribution,
and LOI), together with the analysis of macroremains and mineralogical/petrographical composition
analysis were done on the samples. Three absolute ages have been then obtained with 14C on three

different cores: RT in the Gavia Pass Area with an age of 5091-4990 cal. BP, TBGI in the Gavia Pass

3



Area with an age of 8010-7029 cal. BP, and TBS1 in the Stelvio Pass Area with an age of 7271-7125
cal. BP.

Here, it has been demonstrated how a multidisciplinary approach is needed to understand glacial
processes involved in response to past climate change in different and close locations as both the CRF
and the SH have been demonstrated suitable methods for dating the glacial history.

Concerning the CRF, it has been demonstrated as a suitable method for dating soils and to have a
potential in the reconstruction of glacial phase boundaries, especially if calculated on the Bs horizon
because morphological or pedogenetic processes in the A horizon may lead to errors in calculated
age. Concerning the SH instead, the calibration curve produced in the Gavia Pass Area suggested that
also the SH is a suitable method of reconstructing exposure ages and glacial history even if the SH
calibration curve is not universal: the local variation in calibration parameters may be due to site-
specific temperature and precipitation. The best calibration curve is calculated using the R25 values
for all stations within in the unit containing the 14C sample sites. In the Gavia Pass Area can date
glacially-polished bedrock of Late Pleistocene age until 15ka, even if the method generally
underestimates the ages when compared to the CRF index of soils and the available 14C dates.
Combining all methods, eleven successive glacial events have been identified and dated before the
LIA: 16.7-14.7 ka, 13.7 ka, 12.3-11.8 ka, 11 ka, 10.2-9.5 ka, 9 ka, 7.5ka, 5.5 ka, 4.1 ka, 3.2 ka, and
1.9-1.5 ka. These events were not ubiquitarian, and happened differently in each different study area.
In detail, in the Stelvio Pass Area, five successive glacial events have been identified and dated before
the LIA: 12.3 ka, 11 ka, 10-9.7 ka, 9 ka, and 7.5ka. In the Viola Pass Area, four successive glacial
events have been identified and dated before the LIA instead: 16.7-14.7 ka, 12.3 ka, 11 ka, and 9 ka.
Moving to the Gavia Pass Area, seven successive glacial events have been identified and dated before
the LIA: 14.7 ka, 13.7 ka, 12.2-11.8 ka, 10.2-9.7 ka, 7.5 ka, 5.5 ka, and 1.9 ka, but the evolution was
asynchronous between Mt. Gavia Glacier and Lake Bianco Glacier. Finally, a total of six different

glacial phases were identified and dated for the Forni Area before the LIA: 15 ka, 12.2 ka, 9.5 ka, 4.1
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ka, 3.2 ka, and 1.5 ka. Some of these events are synchronous in the four study areas, but the extent is
different. Comparisons with other glaciers in the Alps showed that the morphology of the catchments
(i.e., area, slope, aspect, and maximum altitudes) was more important than proximity in the glacial
evolution during the Holocene. Indeed, while in similar glaciers even if located on a different sector
of the Alps like the Forni glacier and Triftjegletscher the LIA is the second most expanded advance
during all the Holocene in the adjacent Gavia Pass Area its extent is definitely smaller than every
other Holocene advances.

Moreover, in the Forni Valley, the LIA was almost equal to the 9.5 Ka phase and therefore a large
part of the roches moutonnées were re-covered by ice during the LIA, so that it was possible to date
the maximum of the LIA expansion in 1810 AD and to underline probably during that time the glacier
was cold-based.

The thin section analysis, in particular the depth of the microfeatures related to permafrost condition
and their frequency, allowed us to determine the lowest limit of past permafrost at 2228m a.s.l. in
Stelvio Pass area and 2347m a.s.l. in Val Viola and Val Cantone area, respectively ca. 400 m and
330m lower than today.

Moreover, the analysis of precipitation and temperature derived from various proxy data allowed us
to identify four different phases of podzolization dated to: 13.5-11.5ka (I phase), 11-9.7ka (II phase),
9.3-8ka (III phase), and 7.7-7.3ka (IV phase). Reconstructed paleoprecipitation and paleotemperature
of the four phases of podzolization also allowed us to determine that in Val Cantone there were two
different permafrost aggradation periods that were synchronous to podzolization while in Stelvio Pass
area (11-9.7ka and 9.3-8ka) and one additional permafrost aggradation period that occurred at 7.7-
7.3ka.

The glacial evolution of the four close different areas has been different in time and space, even if
some similarities have been shown: it is clear that to better reconstruct the glacial evolution of the

Alps, more local data are needed as the deglaciation pattern is not the same everywhere.
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DISSERTATION STRUCTURE

This dissertation is structured as follows:

1. INTRODUCTION. After a brief preface that gives the rationale of the thesis, I present the aims of
the Ph.D. project. Subsequently, the state of the art is treated. The existing knowledge about the
glacial history in the Late Pleistocene and Holocene is treated and the different methods to reconstruct
it are shown in terms of definitions and explanation of the most recent researches present in literature.
Then the contribution of the project in scientific papers is proposed.

2. STUDY AREA. It describes in terms of geography, climate, geology, and geomorphology the four
main investigated valleys in the Alps: the Forni Glacier Area, the Gavia Pass Area, the Stelvio Pass
Area, and the Viola Pass Area.

3. METHODS. Here all the materials and methods used for data acquisition and analysis are listed
and grouped in sub-sections related to fieldwork, laboratory work, and data analysis.

4. RESULTS. In this section, the results are presented as published papers and submitted manuscripts.
The results of the lake sediment analysis occupies a single different section.

5. CONCLUSION. Here all the results found are summarized and linked and suggestions for future
perspectives are given.

6. ACKNOWLEDGMENTS. In this part, a series of important people are thanked for their support
to the thesis.

7. REFERENCES. In this section, all the references of citations that are not comprehended in the

submitted or published papers are listed.



1. INTRODUCTION

1.1.PREFACE

In recent years a general awareness of the fact that the earth's climate is changing was born, and,
already in 1988, the establishment of an international committee of experts to assess the relevance,
the speed, and possible response strategies has been founded by the General Assembly of the United
Nations, called IPCC (International Panel on Climate Change). In this context of climate change,
paleoclimatic studies have assumed particular relevance as they can provide us with useful
information to discriminate climatic variations due to natural causes from those of Anthropocenic
origin. Paleoclimatic reconstructions also make up for the lack of climatic data based on instrumental
measurements that are spatially and temporally limited.

The analysis and reconstruction of glacial fluctuations that occurred after the last glacial maximum
and in particular during the Holocene represents a topic of great interest as it allows to understand the
environmental and climatic changes that have occurred so far, and therefore to interpret both the
current situation and future trends.

Phases of glacial advance mainly occur in response to periods of climatic deterioration and leave
traces that can be identified through their moraines: their dating, therefore, allows us to reconstruct
both the history of the glacier and that of the corresponding climatic changes.

This dissertation takes place in this context of comprehension of paleoclimate related to

geomorphological reading and landscape evolution.
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1.2.STATE OF THE ARTS

1.2.1. Paleoclimate after the LGM

The period after the Last Glacial Maximum has been widely discussed and many classifications have
been made to better describe the climatic evolution through time, such as the INTIMATE event
stratigraphy (Rasmussen et al., 2014), the biostratigraphic division (/versen, 1954), and the European
pollen zones (Iversen, 1954) (Fig. 1).

The INTIMATE (INTegration of Ice-core, MArine and TErrestrial records) event stratigraphy
(Rasmussen et al., 2014) is the result of a project that following strict protocols provides a formal
definition and an ordinal numbering of the sequence of Greenland Stadials (GS) and Greenland
Interstadials (GI) based on a combination of stable-oxygen isotope ratios of the ice (§'*0) and calcium
ion concentrations, reworked on a synchronization of the NGRIP, GRIP, and GISP2 ice-core records
(Rasmussen et al., 2014).

The biostratigraphic division, proposed by Iversen (1954), is a classification of the period between
15ka CalBP to present based on layers of peat bogs in Denmark.

Matching these periods, pollen zones are a classification system used to subdivide paleoclimate of
the last glacial period and the Holocene, using data from pollen cores. Iversen (1954) defined the
current classification following the works of Von Post, the founder of modern palynology.

The oldest pollen zone (Ia) matches with the Oldest Dryas biostratigraphic division (/versen, 1954)
and correspond to the end of the GS-2 (Rasmussen et al., 2014). Glaciological modeling shows a
lower summer temperature of about 10°C relative to mean 20"M-century values and precipitation
reduced to 30% of present-day amounts (Kerschner and Ivy-Ochs, 2007; Kerschner, 2009) in this
period. Around 14.7ka years CalBP an increase of 2-3°C in summer temperatures recorded by lake

sediment proxies (Heiri et al., 2014) brought the stable Stadial to end in the GH-1 (Rasmussen et al.,
11



2014). Climate during the GH-1 Interstadial wasn't steady so that the INTIMATE event stratigraphy
subdivides it into 5 different events (GH-1e, GH-1d, GH-1c, GH-1b, and GH-1a respectively)
alternating warming and cooling periods. Pollen zone and biostratigraphic division (/versen, 1954)
are more confusing in this period: the first one relates the pollen zone Ib to the GH-1e, the pollen
zone Ic to the GH-1d, and the pollen zone II to the remaining GH-1c/b/a; the second one associates

the Bolling/Allered to the whole GH-1 event.

GRIP

NGRIP
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Figure 1: NGRIP, GRIP, and GISP2 §'30 and Ca*" concentration (Rasmussen et al., 2014), INTIMATE event chronology

(Rasmussen et al., 2014), and European pollen zones and biostratigraphic division (Iversen, 1954) between 17ka and 8ka.

A rapid cooling in temperatures (Walker et al., 2009) introduced the beginning of a new Stadial (GS-
1), the most recent one. The stadial is related to the pollen zone III, the Younger Dryas biostratigraphic
division (/versen, 1954), when in most of the Alps the temperatures remained low and the conditions

were dry (Kerschner et al.,2000; Walker et al., 2009). Subsequently, 11.7ka years CalBP has been
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defined as the onset of the Holocene (Walker et al., 2009), with the beginning of the Preboreal
biostratigraphic division, pollen zone IV (Iversen, 1954). All the remaining pollen zones (V, VI, VII,
VIII, and IX) and biostratigraphic divisions (Boreal, Atlantic, Subboreal, and Subatlantic) are referred
to different periods in the Holocene (Iversen, 1954). From a climatic point of view, the Holocene can
be divided into three parts (Wanner et al., 2013):

e afirst deglacial phase, between 11.7ka and 7ka, characterized by a temperate climate in North
America and Eurasia (Renssen et al., 2009) and by high monsoon activity in Africa (de
Menocal et al., 2000);

e the Holocene Thermal Optimum, between around 7ka and 4.2ka, characterized by higher
summer temperatures than in the pre-industrial period in the medium and high latitudes of the
Northern Hemisphere (4lverson et al., 2003);

e the Neoglacial, after 4.2ka, dominated by a lowering in summer temperatures in Northern
Hemisphere due to a decrease in insolation during the boreal summer (Denton and Karlen,
1973).

Despite this general trend, the climatic variability of the Holocene period is testified by three big cold
events registered in the Greenland cores, respectively at around 11.4ka, 9.3, and 8.2ka (Walker et al.,
2009). Since the late 1990s, many studies have tried to reconstruct the instability of the Holocene.
Renssen et al. (2009) firstly highlighted cooling events in surficial water assuming changes in the
North Atlantic ocean circulation with a related glacier advance at 10.3, 9.4, 8.1,5.9,4.2,2.8, 1.4, and
0.4ka CalBP. Wanner et al. (2011), based on a statistical analysis applied on different proxy data,
suggest the existence of 6 different significative cold events: 8.2, 6.3, 4.7, 2.7, 1.55, and 0.55ka cal
BP. The most recent phase is the so-called "Little Ice Age" (LIA), in which happened an irregular
decrease of temperatures of 0.2°C in the Northern Hemisphere, with a global increase of glacier
volume best represented in the Alps and Scandinavia (Nesje and Dahl, 2003). The complex spatial

and temporal pattern of these cold events is difficult to explain with a single process and probably
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depended on a combination of different processes and feedbacks may have played a very important

role (Wanner et al., 2011).

1.2.2. Glacial Evolution after the LGM in the Alps

Knowledge about deglaciation within the mountain area of Alps after the Last Glacial Maximum
(LGM) remains limited (7remblay et al., 2019): a summary of the current chronological knowledge
is reported in Table 1.

Cosmogenic nuclide analysis places the limit of the Last Glacial Maximum within Swiss Alps
between 21.1 and 19.1 ka (Ivy-Ochs et al., 2004; Ivy-Ochs, 2015); by 18 ka, more than 80% of the
ice volume had melted (Ivy-Ochs et al., 2008; Ivy-Ochs, 2015; Wuthrich et al., 2018). A series of Late
Pleistocene-Holocene glacial advances have been identified throughout the Alps based on local type
glacier. However, the time and extent of these successive phases are regionally variable, and every
valley has its own evolution. Generally, glaciers re-advanced with a maximum around 17 ka and a
stabilization ca. 15.4 ka (Ivy-Ochs et al., 2008; Ivy-Ochs, 2015; Wuthrich et al., 2018) during the so-
called Gschnitz stadial following a cooling period after an Early Lateglacial decay (/vy-Ochs et al.,
2006). Next came the Clavadel/Senders with a maximum around 15ka, and then came the Daun
around 14.7ka, which both occurred before the Bolling/Allerad (Ivy-Ochs et al., 2006). Successive
phases of glacier advance occurred around 12.3ka, (Egesen I stadial: e.g. Kershner et al., 2000;
Bohlert et al., 2011; Ivy-Ochs, 2015) and around 11.3 (Egesen II stadial: e.g. Zoller et al.,1998; Ivy-
Ochs et al., 2006; Ivy-Ochs et al., 2008), the first one in the middle of the Younger Dryas, while the

second on the border between Younger Dryas and the Preboreal.
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Name Age Citation
Last Glacial Maximum ~21ka Ivy-Ochs et al., 2006
Early Lateglacial Decay 18-19ka Ivy-Ochs et al., 2006
Gschnitz >15ka Ivy-Ochs et al., 2006
Clavedel/Senders 15ka Ivy-Ochs et al., 2006
Daun 14.7ka Ivy-Ochs et al., 2006
Egesen I 12.3ka Ivy-Ochs et al., 2006
Egesen II 11.3ka Ivy-Ochs et al., 2006
Kartell 10.8ka Ivy-Ochs et al., 2006
Kromer ~9ka Ivy-Ochs et al., 2006
Mount Miné 8ka Nicolussi and Schlucther, 2012

Tsidjore 3.8ka Schimmelpfenning et al., 2012-2014
Goshen 1 3-2.3ka Boxleitner et al., 2019
Goshen 11 1.8-1.1ka Boxleitner et al., 2019

Table 1: timing of known glacial phases after the Last Glacial Maximum.

During the Holocene, glaciers throughout Alps were probably smaller than their present extent (1vy-
Ochs et al., 2009), at least before the Middle Holocene (Walker et al., 2009; Walker et al., 2012).
Despite this, more glacial phases have been identified, among which the oldest one is the Kartell
Stadial around 10.8ka (Zvy-Ochs et al., 2006) followed by the Kromer Stadiar around 9ka (/vy-Ochs

et al., 2006). At around 8ka Nicolussi and Schlucter (2012) detected a glacial pulsation at the Mont
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Min¢ glacier that is the last detectable for a long time, as the following one is the Tsidjiore Glacier
one at 3.8ka (Schimmelpfenning et al., 2012; Schimmelpfenning et al., 2014). Two more Stadial are
described for the Goshenen Valley, Goshenen I at 3-2.3ka, and Goshenen II at around 1.8-1.1ka
(Boxleitner et al., 2019). Between these phases and the LIA, many glacier advances are recorded in
historical time around 527-578 AD, 820-834AD, 1100AD, and 1340AD (Holzhause et al., 2005).

In the Italian Alps, most prior studies evaluated low elevation sites and set the ultimate LGM
culmination between 26 ka and 17 ka (Comerci et al., 2007; Ravazzi et al., 2012; Pini et al., 2016;
Ravazziet al., 2014, Ivy-Ochs, 2018). At high elevations, the latest LGM culmination is placed before
17 ka (Favilli et al., 2008) in Eastern Alps; recalculation of moraine boulder exposure rates within
the Maritime Alps sets the LGM around 24 ka (Federici et al., 2016). In the latter, the Biihl stadial
was dated around 18.5 ka, and then the Egesen stadial around 13.5 ka (Federici et al., 2016). Within
the Garda Basin, a regressive phase interrupted forest growth between 16.4 and 15.5 ka (Ravazzi et
al., 2012).

Beyond these studies, knowledge related to the LGM and successive glacial phases in the Italian
Central Alps is still scarce. Scotti et al. (2017) registered a glacial advance that left morainic ridges
at the bottom of Dose Valley around 11.4ka and referred it to the Kartell Stadial. The finding of a
mummified prehistoric man (the Neolithic Iceman ‘Otzi’) dated 5300-5050 Cal BP in the Otztaler
Alps (Bonani et al., 1984), and chironomid (/lyashuk et al., 2011) and pollen records (Ortu et al.,
2008) in Alpine lakes suggest a cooling around 5.2 ka that was probably accompanied by a rapid
glacier expansion. Around 4.4ka a glacial advance is supposed in the Forni Valley (Pelfini et al.,
2014) as the possible event that buried a log in a peat. Further advances are not contemporary and

local, confusing the reconstruction of a pattern of glaciation for the Alpine Mountain Chain.

16



1.2.3. Absolute dating techniques

Among the different techniques to reconstruct deglaciation and subsequent glacial advances,
cosmogenic dating has received the greatest consideration (e.g., Chenet et al., 2016; Moran et al.,
2016; Wuthrich et al.,2018; Rolland et al., 2020). Cosmic radiation, a high-energy radiation produced
mainly by supernovas, can reach the Earth with trajectories deflected by the Sun’s forces and a path
that depends upon the angle of entry the Earth’s magnetic field (Von Blanckenburg and Willenbring,
2014), Cosmogenic nuclides are particles produced by the interaction of cosmic radiation (comprised
mostly of protons and neutrons) with atoms in the upper atmosphere. This interaction generates a
cascade of nuclear reactions that produce particles that can proceed all the way to the Earth’s surface
(Von Blanckenburg and Willenbring, 2014). There are two main types of cosmogenic nuclides, the
meteoric and the in situ. The spallation is the main process that creates cosmogenic nuclides such as
10Be, 14C, 26Al, and *°Cl: it happens in the atmosphere and can reach the Earth's surface, penetrating
even a few meters of rocks (Von Blanckenburg and Willenbring, 2014). Once they have entered the
rocks and mineral of the surface, they start to interact and produce in situ cosmogenic nuclides within
the crystalline structure, but some noble gasses do diffuse out of the mineral structure. Cosmogenic
nuclides may be stable or they may decay if they are radioactive nuclides.

The sites and distribution of meteoric cosmogenic nuclides depend upon air pressure and circulation
(Willenbring and von Blanckenburg, 2010). The in situ production of cosmogenic nuclides at the
Earth’s surface depends on the entire mass of atmosphere within the overlying air column (Stone,
2000), and hence depends on altitude. Production is further modified by the geomagnetic field
strength and therefore depends on latitude. Thus, the intensity of production of both meteoric and in
situ cosmogenic nuclides is a function of variations in the Earth’s magnetic field (Von Blanckenburg
and Willenbring, 2014). Atmospheric cosmogenic nuclides are produced at much greater rates than

the nuclides formed in situ in minerals at the Earth’s surface (Willenbring and von Blanckenburg,
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2010). These cosmogenic nuclides could exist in minerals before the exposure to cosmic radiation or
before meteoric nuclides accumulate on the surface and they accumulate over time so they can
provide exposure ages (Von Blanckenburg and Willenbring, 2014). The differential equation
governing the calculus for exposure age (Lal, 1991) considering no initial amount of nuclide due to

a prior exposure is:

N(e t) = v (1= e~ O¥/p)t

P
A+E/)
Where:
t = exposure ages [yr];
N = number of cosmogenic atoms found [at];
P = production rates for the sample [at/g*yr];
€ = erosion rate [g/cm”2*yr];
A = attenuation length of production rate [g/cm”2];
A = decay rate of nuclide (1/yr).
Every cosmogenic nuclide has its own half-life, so any single nuclide has a range of age in which it
applicable (Von Blanckenburg and Willenbring, 2014)
Particularly, the formation of !#C is the result of the cosmic ray bombardment of N in the upper
troposphere and stratosphere as:

N+ n— M™C+ p* (Torngvist et al., 2015).
This particular nuclide has a great potential because it can be used to date buried organic matter: the

fundamental assumption is that any organism used for radiocarbon dating was in equilibrium with the
14,
atmosphere at the time of death in terms of / 12, ratio (7T6rnqgvist et al., 2015). The ultimately

accepted half-life of *C is 5730 a '*C (Godwin, 1962) but for radiocarbon dating the use of the “Libby

half-life” of 5568 a '*C (Libby, 1952) is suggested.
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Figure 2: Relationship between fj, and “C age with an error envelope that reflects the typical analytical precision of fy,
of 1.5%o. The inset illustrates in more detail how uncertainties in f), translate to the analytical '*C age error. Also note
that as the curve becomes steeper when f;, approaches zero, this analytical error translates not only to larger but also

increasingly asymmetric '*C age errors. Image from Tornqvist et al. (2015).

For the age calculation, it is necessary to introduce the concept of fraction modern *C (fy,) as the
14,
ratio / 12, in the sample divided by the same ratio in wood from 1950 AD (generally the

normalization is now based on secondary standards) (7orngvist et al., 2015). The age is then
obtainable with the following equation:

t = —8033 * In (fy) (Fig. 2)
Where 8033 is that the mean lifetime of '“C supported by the “Libby half-life” (Torngvist et al.,

2015).
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1.2.4. Relative dating techniques

Cosmogenic dating techniques are not always feasible due to logistical and economic constraints,
even if they have received great consideration in the reconstruction of deglaciation and subsequent
glacial advances (e.g., Chenet et al., 2016; Moran et al., 2016; Wuthrich et al., 2018). For this reason,
different index and relative methods to obtain ages have been developed. Jenny (1941) proposed its
equation describing soils as a function of climate, organisms, relief, parent material, and time (S=f(cl,
o, 1, p, t,...). Soils developed on glacial and periglacial features, such as late-glacial moraines and
rock glaciers, provide the opportunity to date deglaciation or to investigate subsequent
geomorphological modification (e.g. Favilli et al., 2008) as they allow to choose profile where
climate, organisms, relief, and parent material may be considered the same, isolating time in Jenny’s
equation (Jenny, 1941). The first author who tried to create a soil development index was Harden
(1982) in order to measure quantitatively the degree of soil profile development. This original soil
development index combines eight soil properties that can be calculated on field: clay films, texture
plus wet consistency, rubification (color hue and chroma), structure, dry consistency, moist
consistency, colour value, and pH (Harden, 1982). The quantification of these properties is based on
the model proposed by Bilzi and Ciolkosz (1977) that assign points for differences between each
horizon and the parent material and the developed soil horizons but modified as the incremental
differences between each horizon ad the parent material are arbitrarily assigned to 10 points (Harden,
1982). For each horizon, the result of every property is then normalized to a number between 0 and
1, summed, and finally divided by the number of properties to obtain the horizon index (Harden,
1982). This horizon index is then multiplied by the horizon thickness, and the product of each horizon
is summed to obtain the soil development index (Harden, 1982). The index has been applied in many
recent studies (e.g., Huges et al., 2006; Hannah et al., 2017) but in recent times great attention has

been given to indexes that remove the arbitrariness using calculated values (e.g. Birkeland, 1999; Egli
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et al., 2003; Egli et al., 2006; Egli et al., 2010; Egli et al., 2015; Maejima et al., 2002). Several of
these indexes share a similar general principle that is based on the ratio of the base cations (Ca, Mg,
K, Na) to Al and/or Si. Kronberg and Nesbitt (1981) proposed two indexes still used (Egli et al.,
2010; Egli et al., 2015), the A and B indexes, defined as the molar ratio of:

Si0, + Ca0 + K,0 + Na,0

A=
Al,05 + Si0, + Ca0 + K,0 + Na,0

Ca0 + K,0 + Na,0

B =
Al, 05 + Ca0 + K,0 + Na,0

Other proposed weathering indexes of soil are the CIA and the CIW (Hamois, 1988; Nesbitt and

Young, 1989), defined as:

CIA =
Al,04 + Ca0 + K,0 + Na,0
AL,0
CIW 23

~ AL,0; + Ca0 + Na,0

Egli et al. (2015) proposed the use of the dating method applied for rock varnish in semi-arid to arid
regions (Harrington and Whitney, 1987), defined as the molar ratio (K+Ca)/Ti, as Ti is considered to
be an immobile element. Particularly in Podzols for their own nature, iron is a crucial element;
therefore, the iron crystallinity ratio has been proposed as an index of soil development (Arduino et

Feg—Fe,

al., 1984; Maejima et al., 2002). The iron crystallinity ratio is calculated as CRF = , where

€tot

Fe, is the iron fraction extracted with dithionite, Fe, is the iron fraction extracted with oxalate, and
Feo¢ 1s the total iron content.

Soils are not the only way to obtain indexes of relative ages. Since the 1980s, Schmidt's hammer has
been used in studies of glacial and periglacial environments, in particular for the relative dating of
the surface of moraines (e.g., Mccarrol, 1989; Shakesby et al., 2006), of rock glaciers and deglaciated
surfaces (Scapozza et al., 2010), landslides and rock avalanches (Clark et al., 2004; Dawson et al.,

1986). The rebound value, defined as R, is proportional to the compressive strength of the rock surface
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and, with the same mineralogical composition and climatic conditions, it is proportional to the degree
of alteration of the rock and therefore to its age of exposure (Mccarroll, 1989; Laustela et al., 2003).
All the described indexes can be mathematically translated in absolute ages with calibration based on

regression with known absolute ages.
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1.3.AIMS

The general context of the thesis is to understand how deglaciation of high elevation and amphitheater
area in the Central Italian Alps occurred since the Last Glacial Maximum. All the analyses were
processed in different valleys, as the deglaciation could have been different in timing, extent, and
spatial pattern.

A more detailed list of the objectives is:

a) Apply one of the relative dating methods, the iron crystallinity ratio (Arduino et al., 1984;
Maejima et al., 2002), and evaluate of the possibility of using it as an absolute dating method
for deglaciation within a sector of the Central Italian Alps (Upper Valtellina);

b) Reconstruction of the glacial evolution of the Gavia Pass area and the Forni Valley area after
the LGM using Schmidt Hammer R-values and Crystallinity Ratio indices of soils;

c) compare the efficiency of the Schmidt Hammer R-values and of the Crystallinity Ratio
indices of soils as dating methods;

d) Evaluation of the effect of the following glacier advance on the exposure age of previously
exposed roches moutonnée in terms of Schmidt Hammer R-values;

e) Reconstruction of permafrost present or past distribution related to soil micromorphology;

f) Paleoclimatic and Paleoenvironmental reconstruction based on lake cores analysis.
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1.4.CONTRIBUTION TO SCIENTIFIC PAPERS

This dissertation contributed to the preparation of 4 manuscripts, aimed to be published in different

scientific journals:

e Longhi A., Monticelli D., Guglielmin M., 2020. The use of iron chemical analysis of Podzols
to date the Late Pleistocene-Holocene deglaciation history of the Central Italian Alps. Journal
of Quaternary Science 35, 1021-1035.

e Longhi A., Trombino L., Guglielmin. Soil micromorphology as tool for the past permafrost
reconstruction and paleoclimatic variatons. Manuscript submitted to Catena for publication.

e Longhi A., Guglielmin M., 2020. Reconstruction of the glacial history after the Last Glacial
Maximum in the Italian Central Alps using Schmidt's hammer R-values and crystallinity ratio
indices of soils. Quaternary International 558, 19-27.

e Longhi A., Guglielmin M. The glacial history after the Last Glacial Maximum in the Italian

Central Alps (Forni Valley). Manuscript submitted to Geomorphology for publication.
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2. STUDY AREA

The study area is located in Upper Valtellina, Central Italian Alps. Within this sector of Valtellina,
four main valleys were selected: the Forni Glacier area, the Gavia Pass area, the Stelvio Pass area,
and the Viola Pass area.

These areas were selected so that, representing glacier with various exposition and catchment’s
morphology (i.e., area, slopes, aspects, and altitude) at similar elevation and close to each other, it
could be possible to find differences in glacial evolution and relate them to a property of the area.
The dimension of the area and their characteristics (presence/absence of suitable morphologies, soils,
and striated roches moutonnée) allowed us to select the best approach to use in each area.

Moreover, we selected areas already well known (Forni Glacier area, Stelvio Pass area) to have a
good comparison and to confirm the findings even in not so studied areas (Gavia Pass area, Viola

Pass area).

2.1.FORNI GLACIER AREA

2.1.1. Geography and Climate

The Forni Glacier Area (Fig. 3) is located in the Central Italian Alps, in Upper Valtellina, within the
Lombardy sector of the Stelvio National Park. The area is located in the Frodolfo Basin, a tributary
of the Adda, between 2150m a.s.l. around the Forni Hut (46.42N, 10.55E) and 3600m a.s.l. of the P.
Cadini (46.37N, 10.60E). Throughout the E-W directed main valley, a lot of side valleys like the
Rosole Valley, the Cedec Valley, and the S. Giacomo Valley are evident. The Northern and Eastern

limits of the area border with Trentino Alto Adige in a series of high elevation peaks, like the highest
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and most known Cevedale (46.44N, 10.62E, 3758m a.s.l.). The western limit corresponds with the
Zebru valley, to which the area is connected by the Zebru Pass (46.46N, 10.56E, 3031m a.s.l.). In the
Southern part of the valley, a small road connects the Forni Hut to Santa Caterina Valfurva, the nearest
city to the area.

In the area, the Forni Glacier was once the greatest alpine glacier in Italy originated from three
different basins with three different tongues connected around 3000m a.s.l. (Pelfini, 1992). Since
2015, the Eastern tongue detached from the main glacier, and actually, the glacier has an extension
of about 11.3 km? (Smiraglia and Diolaiuti, 2015).

The study area is recognized as a site of community importance (SIC “Valle e Ghiacciaio dei Forni —
Val Cedéc — Gran Zebru — Cevedale”) by the European Union in the frame of “Nature 2000”

established under the Habitats Directive (92/4/EEC) (Malfasi, 2018).

Figure 3: Reference map of site location (Forni Valley).
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The climate is characterized by a continental regime (Ceriani and Carelli, 2000): the mean annual
precipitation calculated between 1972 and 1982 at the Forni San Giacomo weather station (2750m
a.s.l.) is 1241 mm/year (Ceriani and Carelli, 2000). On a longer time scale, the mean annual
precipitation calculated between 1927 and 1990 at the Forni Prese weather station (2165m a.s.l.) is
811 mm/year. The mean annual air temperature, calculated between 2006 and 2010 from the AWS1

Forni weather station at 2631m a.s.l., is -1.4°C (Senese et al., 2012).

2.1.2. Geology and Geomorphology

The geology and lithology of the area are complex, but the bedrock is mainly acidic, mostly
characterized by chlorite and sericite micaschists, and banded paragneiss (Montrasio et al., 2012).
The valley bottom shows clear evidence of glacial activity, with many striated roches moutonnée.
The valley sides are mainly covered by ablation till with several moraine ridges deposited by different
glacial phases. The valley sides are also characterized by gravitational processes like landslides and
debris flows.

In the upper forefield area, soils mostly correspond to Leptosols (ERSAF, 2012), with very shallow
A horizons over a deeper and extremely stony deposit (Pelfini et al., 2014; FAO, 2006). On the
contrary, the lower part of the Forni Valley, where a forest is present, is characterized by coniferous
forest soils (ERSAF, 2012), i.e., Podzols (Pelfini et al., 2014; FAO, 2006; Duchaufour, 1983).

The Forni Glacier recent fluctuations are well documented by its moraine apparatus, and the post-
LIA advances are evident in 1904 AD, 1926 AD, and 1981 AD (Pelfini et al., 2014). The orthophotos
(1950, 1998, 2003, 2007, 2014) provided by Geoportale Regione Lombardia allows a further
comprehension of the even more recent glacier dynamic. Given the great expansion of the glacier
advance during the LIA, evidence of smaller past advances have been eroded and just two glacial

advances have been identified during the Holocene: the first one around 4400 years CalBP, obtained
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by radiocarbon dating a buried log under glacial till (Pelfini et al., 2014); the second one radiocarbon
dating the base of a small peat dammed by a morain around 2800 years CalBP (Pelfini et al., 2014).
Permafrost is present in favorable conditions above 2450m a.s.l. in the South-Eastern and North-faced
area, while above 2650m a.s.l. in the North-Eastern and South-faced area (Boeckli et al., 2012) while

its maximum Holocene expansion is above 2100m a.s.l. (Guglielmin and Siletto, 2000).
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2.2.GAVIA PASS AREA

2.2.1. Geography and Climate

The Gavia Pass area is located in Upper Valtellina, within the Central Italian Alps (Fig. 4) within the
Lombardy sector of the Stelvio National Park. The area is located in the Gavia basin, a tributary of
Frodolfo Creek, between 2300m a.s.l. at the confluence with the dell’ Alpe Valley (46.38N, 10.49E)
and 3360m a.s.l. of the Tre Signori Horn (46.34N, 10.52E). The main valley is South-North oriented
and a little further downstream from the Berni Hut (46.36N, 10.50E, 2511m a.s.1.) on the hydrological
right the main valley merges with a lateral West/East oriented valley, the Dosegu Valley. The area
border in the Western part, above Mount Gavia, with dell’ Alpe Valley, while in the Eastern side the
Tre Signori Horn signs the border with the Trentino Alto Adige (Palu Valley). From North to South
the SS36 crosses the valley and connects Santa Caterina Valfurva to Ponte di Legno across the Gavia
Pass, which sign the limit between Sondrio and Brescia province and connect the Gavia Valley to the
Camonica Valley.

Currently, two glaciers still exist in the area: the Mount Gavia Glacier with a mean front elevation of
2980m a.s.l. and the Sforzellina Glacier with a mean front elevation of 2790m a.s.l. (Smiraglia and
Diolaiuti, 2015). The Lake Bianco Glacier was declared extinct in 1985 by the Comitato Glaciologico

Italiano Bulletin instead.
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Figure 4: Reference map of site location (Gavia Pass Area).

The climate is characterized by a continental regime (Ceriani and Carelli, 2000): the mean annual
precipitation calculated between 1927 and 1982 at the Gavia lower weather station (2210m a.s.l.) is
1310 mm/year (Ceriani and Carelli, 2000). The mean annual temperature is calculated between +1°C

and -1.4°C (Hijmans et al., 2005).

2.2.2. Geology and Geomorphology

The geology and lithology of the area are characterized by orthogneiss, paragneiss, and quartz-
phyllites, mostly strongly retrogressed varieties of earlier medium-grade paraschists (Dal Piaz et al.,
1988). The valley bottom is mainly rocky with clear evidence of glacial erosion, including roches
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moutonnées with several ponds in between. The valley sides are mainly covered by ablation till with
several moraine ridges deposited by different lateral glaciers. A few rock glaciers and many small
periglacial landforms, such as earth hummocks and gelifluction/solifluction lobes, are also present.
In the upper area in the Eastern side, soils mostly correspond to Leptosols (ERSAF, 2012) at least
down to 2700m a.s.l., with very shallow A horizons over a deeper deposit (Pelfini et al., 2014; FAO,
2006). The lower part and the Western side of the Gavia Valley is characterized by coniferous forest
soils (ERSAF, 2012), mainly Podzols (Carta pedologica Regione Lombardia).

The Mount Gavia Glacier and the Lake Bianco Glacier recent fluctuations are easy to reconstruct
from the orthophotos (1950, 1998, 2003, 2007, 2014) provided by Geoportale Regione Lombardia
and the Comitato Glaciologico Italiano Bulletins allow an even further comprehension of the more
recent glacier dynamic. The Holocene glacial history of the area may be complex, as in a pass area
the glacier flow may have changed across the Gavia Pass, but there is no prior knowledge about the
timing and the extension of the glacial phases. However, lithic industry in the Dosso Gavia area, at
2360m a.s.l. indicates that the Alpe Valley was glacier free, at least in the Boreal division (4Angelucci
et al., 1992). Moreover, in the area close to Lake Nero, there is evidence of more intense periglacial
processes and expansion of natural meadows around 7ka (Ravazzi and Aceti, 2004).

Permafrost is present in favorable conditions above 2700m a.s.l. in the West-faced Lake Bianco side,
while above 2750m a.s.l. in the East-faced Mount Gavia area (Boeckli et al., 2012), while its

maximum Holocene expansion is above 2200m a.s.l. (Guglielmin and Siletto, 2000).
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2.3.STELVIO PASS AREA

2.3.1. Geography and Climate

The Stelvio Pass area is located in Upper Valtellina, within the Central Italian Alps (Fig. 5) within
the Lombardy sector of the Stelvio National Park. Along the Braulio Valley, runs the upper part of
the Stelvio National road (SS38 “dello Stelvio"), built at the beginning of the XIX century to connect
Lombardy and Tyrol territories through the Stelvio Pass (46.53N, 10.45E, 2757m a.s.l.) (Malfasi,
2018). The area is located in the Braulio Basin, a tributary of the Adda, between 2230m a.s.l. above
the Seconda Cantoniera (46.52N, 10.41E) and 3095m a.s.1. of the Mount Scorluzzo (46.53N, 10.44E).
The Nort-Eastern edge of the area is connected by the SS38 to Venosta Valley and the province of
Bolzano through the Stelvio Pass, while at the North-West corner the Umbrail Pass (46.45N, 10.43E,
2503m a.s.l.) connects the area to the Miistair Valley and the Swiss Confederation. At the Western
border, the area confines to the Forcola Valley, while in the Southern part the SS38 connects the
Stelvio Pass to Bormio, the nearest city to the area.

Glaciers disappeared from the study area in 1952 (Guglielmin et al., 2001).

The study area is recognized as a site of community importance (SIC “Valle del Braulio — Cresta di
Reit”) by the European Union in the frame of “Nature 2000 established under the Habitats Directive
(92/4/EEC) (Malfasi, 2018).

The climate is characterized by a continental regime (Ceriani and Carelli, 2000): the mean annual
precipitation calculated between 1877 and 1990 at 2328m a.s.1. is 1138 mm/year (Ceriani and Carelli,
2000). The mean annual air temperature calculated between 1978 and 2015 from data from the nearest
available meteorological station at Cancano (46.51N, 10.32E, 1948m a.s.l., 9 km to E-SE) is +3.3°C
(Ponti, 2018). Previous studies in the area indicate the mean annual air temperature in the area as

between +1°C and -3°C (Cannone et al., 2007).
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Figure 5: Reference map of site location (Stelvio Pass Area).

2.3.2. Geology and Geomorphology

The geology and the lithology of the Stelvio Pass area is complex as units of the Upper Austroalpine
domain overlay and interact in this part of the Central Alps (Montrasio et al., 2012; Malfasi, 2018).

The study area is part of the Umbrail-Chavalatsch fault belonging to the Upper Austroalpine domain
(Ponti, 2018). The bedrock is mainly acidic, composed by granitic and granodioritic orthogneiss, and
by biotitic or two micas paragneiss, presenting outcrops of dolomite in the south-west corner of the
area, from Bocca del Braulio (2280m a.s.1.) upward to the south slope of Filone dei Mot (Giacomini
and Pignatti, 1955; Guglielmin and Tellini, 1992) and a local outcrop of andesite-basalts about 700m
West from Mount Scorluzzo (Montrasio et al., 2012). Glacial deposits, mainly composed of ablation
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till, are common and widespread up to 2850m a.s.l., whereas inactive eluvial-colluvial and fluvial-
stream deposits are mainly located below 250 m a.s.l. (Ponti, 2018; Malfasi, 2018). The landscape
records its glacial, paraglacial, and periglacial history; roches moutonées, morainic ridges, rock
glaciers, and protalus ramparts are common also as gelifluction lobes and terracettes. Several debris
flows, scree slopes, and deep slope deformations are among common gravitational features in the
area.

The soils are mainly Podzols, with only localized areas with Leptosols, Regosols, and mixed soils
underneath the dolomite deposits and along the ridges that bring to Mt. Scorluzzo, respectively (Carta
pedologica Regione Lombardia; FAO, 2000).

Even if historical documents are pretty abundant for the area, the Holocene glacial evolution of the
Stelvio Pass area is still not well known. Historical reconstruction reports that Platigliole and Vedretta
Piana glaciers were joint until 1872 (Hoffmann and Haushofer, 1872). The minimum elevation of the
Little Ice Age (LIA) ice borders was 2780m a.s.l. in the Platigliole Valley and 2680m a.s.l. in the
Trafoi Valley. Notwithstanding the impossibility of dating the glacier advance with absolute methods
(*4C or cosmogenic nuclides) or relative methods, Cardassi (1995) obtained the '*C age of 1580 AD
for the contiguous glacier of Trafoi Valley and provides an approximate date for the Vedretta Piana
glacier maximum during the LIA. During the Holocene, the glacier maximum extension was 2610m
a.s.l. (Cannone et al., 2003) and during this phase, the Vedretta Piana glacier crossed the Stelvio pass
and joined with Scorluzzo glacier. A frontal morainic ridge at 2690m a.s.l. represents the maximum
advance of the Scorluzzo glacier during the LIA (Ponti, 2018; Malfasi, 2018). Scorluzzo glacier
remained in the northern cirque until 1937 when the front reached a minimum altitude of 2820m a.s.1.
(Pelfini, 1992) and around 1910 two small tongues reached 2720m a.s.l. and 2730m a.s.l. In the
western glacial cirque of Mt. Scorluzzo, the presence of a glacier is documented until 1872 and it was

further substituted by the actual active rock glacier (Guglielmin, 2007).
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Permafrost in the area has a patchy and discontinuous distribution (Guglielmin and Siletto, 2000;
Guglielmin et al., 2001; Cannone et al., 2003). Permafrost distribution in the Stelvio pass area was
little known before the PACE European Permafrost Monitoring Network project (Harris et al., 2001)
commenced at Stelvio-Livrio area in 1998 (Guglielmin et al., 2001; Malfasi, 2018). The areas with
actual potential permafrost occurrence are above 2500-2600m a.s.l., and the potential maximum

Holocene permafrost expansion is between 2300-2500m a.s.l. (Guglielmin and Siletto, 2000).
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2.4.VIOLA PASS AREA

2.4.1. Geography and Climate

The Val Viola and Val Cantone (Fig. 6) area is located in the upper part of the Viola Creek basin, a
tributary to the Adda River, between 2120m a.s.l. at the Altumeira Hut (46.43N, 10.19E) and 3150m
a.s.l. of Corno Dose (46.41N, 10.17E). The Viola Pass (46.41N, 10.15E, 2471m a.s.l.) connects Italy
to Switzerland and was important for strategical reasons during recent history. The Northern border
of the area is represented by the Val Cantone cirque, while the Southern by the Corno Dosdé¢ (46.41N,
10.17E, 3152m a.s.l.). The main valley is ENE-WSW oriented and is crossed by two main tributary
valleys: from North by the Cantone Valley and from South by the Cantone di Dosde Valley. The trail
conducting to the Eastern side of the area down from the Altumeira Hut connects the area to Arnoga,
a small district of Valdidentro, the closest municipality.

The glaciers of the area are relegated to the upper part of the Val Cantone di Dosdé¢ area, where a
once big glacier now shattered into ten glaciers covers the area of 1.88km? (Scotti et al., 2013).

The study area is recognized as a site of community importance (SIC “Val Viola Bormina-Ghiacciaio
di Cima dei Piazzi”’) by the European Union in the frame of “Nature 2000” established under the
Habitats Directive (92/4/EEC).

The climate is characterized by a continental regime (Ceriani and Carelli, 2000): the mean annual
precipitation calculated between 1927 and 1987 at 2000m a.s.l. is 1097 mm/year with a maximum of
2020mm/year (Ceriani and Carelli, 2000). The mean annual air temperature is between 3°C and -

4°C calculated from the Arnoga weather station.
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Figure 6: Reference map of site location (Viola Pass Area).

2.4.2. Geology and Geomorphology

The Viola Valley is aligned ENE-WSW, corresponding to the strike of the overthrust between the
Campo Unit and the Grosina Unit, both pertinent to the Austroalpine domain (Notapietro and De
Capitani, 1985).

The Austroalpine mostly consists of terrigenous sediments and intrusive bodies metamorphosed
starting from the Hercynian orogeny (probably aged between 290 and 270 Ma BP, up to a maximum
of 450 Ma BP) and not metamorphosed carbonatic sediments from the Mesozoic age. The rocks
constituting the Austro-Alpine units have undergone several deformation events, schistogenesis,
crystallization, and recrystallization during their history, and can therefore be considered
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polymetamorphic (Notapietro and De Capitani, 1985). The most ancient lithologies of the
Austroalpine have been placed in the Ordovician thanks to radiometric investigations; in particular,
orthogneisses are identified as metamorphosed Ordovician granite intrusions and have been attributed
to an age of 440-450 Ma (Notapietro and De Capitani, 1985).

The Campo Unit includes, in the study area, paragneisses and micaschists of high metamorphic grade,
with intercalations of amphibolites and orthogneiss; in correspondence with Pizzo Bianco, Passo della
Val Viola, and the valley bottom of the Alta Val Viola intrusive lithologies emerge with a granitic,
granodioritic, and dioritic compositions, respectively. The granite of Pizzo Bianco has been attributed
to the late Hercynian magmatic cycle (Notapietro and De Capitani, 1985).

The Grosina Unit, which constitutes the Northside of the Corno di Dosde¢, is mainly composed of
orthogneiss, migmatites, and paragneiss.

There is clear evidence of glacial, paraglacial, and periglacial processes in this area. Several morainic
ridges, along with some subglacial features like possible fluted moraines and eskers, are present along
the Viola Valley. Roches moutonées are also common, sometimes with striae. Rock glaciers, protalus
ramparts, earth hummocks, gelifluction/solifluction lobes, and unsorted polygons are also also
present. A large rock avalanche characterizes a wide section of the Viola Valley (Hormes et al., 2008),
while debris flows and scree slopes are widespread.

During the LGM, the upper Val Viola was covered by ice up to an elevation of about 2800m a.s.l.
(Bini et al., 2009). Deglaciation in the basins occurred no later than ~17.7 ka before the Gschnitz
stadial re-advance (17-16 ka) (Wirsig et al., 2016). Burga (1987) documented two Gschnitz glacier
advances respectively at 1250m a.s.l. (Gschnitz I) and 1400m a.s.l. (Gschnitz II) in Val Viola.
Morainic systems particularly well preserved in the mid and upper Val Viola have been associated to
the Daun stadial (14.7 ka) at 1820m a.s.l. and to the Egesen/Y ounger Dryas stadial (13.0-11.7 ka) at
2010 m a.s.l., based on the dating of a peat bog (Burga, 1987). LIA moraines are well preserved in

the upper portion of the Cantone di Dosd¢ Valley (Scotti et al., 2017), and more recent fluctuations
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are easy to reconstruct from the orthophotos (1950, 1998, 2003, 2007, 2014) provided by Geoportale
Regione Lombardia and the Comitato Glaciologico Italiano Bulletins.
According to the Alpine Permafrost Index (Boeckli et al., 2012), areas with permafrost are located

above 2750m a.s.l. and the maximum Holocene permafrost expansion is above about 2200m a.s.l.

(Guglielmin and Siletto, 2000).
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3. METHODS

3.1.FIELD DATA COLLECTION

3.1.1. Podzol mapping and site selection

The first part of the work was focused on the selection of the soil profile locations. In order to select
a suitable location, a total of 108 soil cores were analyzed (Longhi, 2017): 41 in the Stelvio Pass Area,
36 in the Viola Pass Area, 20 in the Gavia Pass Area, and 11 in the Forni Area. The corings were
performed with a hand auger following transects across the valleys, taking into consideration the
various geomorphological units present based on the CARG Regione Lombardia, sheet of Bormio
024 and sheet of Ponte di Legno 041, scale 1: 10000 in each area. The morphological analysis was
also facilitated by the use of orthophotos from the Geoportale Regione Lombardia and satellite images
from Google Earth and Bing. For each core, a double description is given: the first one of the station
and the second one of the structure of the core itself.

For the station, in addition to the coordinates identified with a GPS, elevation, aspect, and slope are
given, being careful to take the most horizontal planes possible. Furthermore, a percentage estimate
of the vegetation cover and the stoniness is established as a percentage of the non-vegetated area; for
the vegetation cover, the presence of herbaceous vegetation, lichens, and mosses is also indicated in
percentage, while the stoniness is described as its composition in terms of gravel, sand and any clasts.
For the core, first of all, the length of each extracted section and the depth reached at each extraction
must be registered, so that corrections can then be made in case of any compressions or expansions
due to errors inherent in the instrument itself. Then the cores are divided into horizons and, for each

horizon, the description followed the Guidelines for soil description (FAO, 2006): the depth in cm,
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the colour using the Munsell tables, an estimate of the granulometry by field method, the distinctness
of the limits (Abrupt, Clear, Gradual, Diffuse), and as far as possible their topography (Smooth,
Wavy, Irregular, Broken).
The selection of the location of the profiles was based only on Podzols and on the previous work
phase in order to analyze:

e Podzols placed on all the geomorphological forms analyzed and comparable, as well as at

least one comparison in the valley floor;
e The podzols found at the highest altitudes;
e The podzols with greater depth up to the Bs or Bhs horizon,;

e Podzols with interesting particularities and / or singular traits.

3.1.2. Soil Profile description and sampling

The soil survey involved the excavation of a total of 29 soil profiles: 13 in the Stelvio Pass Area, 6 in
the Viola Pass Area, 8 in the Gavia Area, and 2 in the Forni Area (Figure 7).
Each soil profile is given an excavation suitable to exceed the depth of any Bhs or Bs horizons: the
excavations must be completed only once the C horizon is reached and never less than 50cm deep.
The field analysis consisted of two different descriptions, that of the pedological station and that of
the soil. The first one involved observing the surroundings of the profile to provide essential
information for the subsequent data analysis:

e Date;

e (Coordinates;

e FElevation;

e Aspect and slope (always less than 10°);
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e Stoniness (described as a percentage of the non-vegetated area);
e Vegetational coverage (described as the percentage of cover between herbaceous vegetation,

lichens, and mosses).

Figure 7: Distribution of the soil profile in the study areas (a) Forni Area; b) Gavia Pass Area; c) Stelvio Pass Area; d)

Viola Pass Area).

The description of the soil instead consisted of its subdivision into horizons and, for each horizon, the
description following Guidelines for Soil Description (FAQO, 2006):

e Depth in cm;

e Distinctness of the limits (abrupt, clear, gradual, diffuse);

e Limits topography (smooth, wavy, irregular, broken);
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e Shape of the aggregates (prismatic, polyhedral, granular, lamellar);

o Size of the aggregates (very fine, fine, medium, large);

e Colour (through the Munsell Tables);

e Granulometry (percentage of gravel, sand, silt, and clay);

¢ Root frequency (abundant, frequent, common, scarce, absent);

e Root size (very fine, fine, medium, large);

e Presence of cryoturbation.
Each profile is photographed and the photo is subsequently reworked through the GIMP software, in
order to highlight the various horizons with their name directly in the photo (Figure 8). Soils were
then classified using the World reference base for soil resources 2014: International soil

classification system for naming soils and creating legends for soil maps (F.A.O., 2014).

Figure 8: PS2, an example of Skeletic Podzol.

About 1kg of sample is taken from each horizon A, Bhs, Bh, and from horizon E, if well developed
and collectible. The samples were stored closed in plastic bags, subsequently weighed and reopened

to be used in the following chemical and macroremains analyzes.
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If buried organic matter or coals are found within any profile, cautions not to contaminate with new
organic matter have been taken, and then the samples have been stored in aluminum paper at -4 °© C
for future analysis.

Whenever possible, samples are taken with Kubiena boxes: this sampling method allows to obtain an
undisturbed soil sample which is then used for the preparation of thin soil sections. For each profile
described, samples are taken in interesting situations, mainly where the Bs horizon is particularly

developed or at the contact between the E horizon and the Bs horizon.

3.1.3. Lakes sediments collection

Three peatlands sediments were sampled with an Eijkelkamp piston sampler 01.09 to obtain basal
radiocarbon ages. Since all peatlands and lakes were dammed by morainic ridges or located in
depressions between roches moutonées geomorphologically contemporary to the morainic ridges
containing the soil profiles, the basal radiocarbon ages represent the minimum age of soil profile
formation and give information about the deglaciation ages. The three sampled peatlands (Figure 9)
are:

e RT in the Gavia Pass Area (46.35N, 10.48E, 2704m a.s.l.);

e TBGI in the Gavia Pass Area (46.34N, 10.49E, 2657m a.s.l.);

e TBSI in the Stelvio Pass Area (46.54N, 10.44E, 2565m a.s.l.).
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Figure 9: Distribution of the cores in the study areas (a) Gavia Pass Area; b) Stelvio Pass Area).

The cores (Figure 10) were described following the stratigraphy dividing them into segments and
giving the segments' depth (in cm), colour (with the Munsell Tables), and particle size distribution.

The taken samples were left to dry covered inside an aluminum foil, being careful not to let them
contaminate by contact with the outside. Once dried, they were stored in the freezer at -20 ° C to

avoid the formation of mold, and to conserve them for radiocarbon dating and further analysis.
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Figure 10: an example of the same sample as it is extracted (on the left) and just opened (on the right) of the TBG1

core.
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3.1.4. Schmidt’s Hammer

A Schmidt-Hammer type N with an impact pressure of 2.207 Nm, which is particularly suited for
hard rock (Guglielmin et al.,2012) has been used in three of the study areas: the Forni Area, the Gavia
Pass Area, and the Stelvio Pass Area.

In order to avoid potential errors associated with the method, several precautions were taken.

First, large, flat, horizontal, or sub-horizontal surfaces of roches moutonnées were selected, possibly
characterized by low roughness, to ensure a homogeneous weathering of crystals over the entire

surface (Williams and Robinson, 1983; Owen et al., 2007). Second, measurements were taken in dry

conditions during summer to avoid the effects of moisture on the rocks (Sumner and Nel, 2002).

Figure 11: Distribution of the Schmidt Hammer Stations in the study areas (a) Forni Area; b) Gavia Pass Area; c) Stelvio

Pass Area).
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Third, lichen-covered surfaces (McCarrol, 1991) were intentionally avoided. Given the homogeneity
of the chosen surfaces, 25 readings at each of the roches moutonnées stations were made, which
Matthews and Owen (2010) consider statistically significant. Moreover, we considered the mean R-
values of the 5 highest measurements (Evans et al., 1999; Guglielmin et al., 2012) as the minimal
exposure age of each tested surface. Striae orientation over roches moutonnées was also recorded in
order to help in the reconstruction of the glacial flow directions.

A total of 400 stations were analyzed (Figure 11), divided as follows: 90 stations in the Forni Area,

171 stations in the Gavia Pass Area, and 139 stations in the Stelvio Pass Area.

3.1.5. Cosmogenic sample collection

The cosmogenic sample collection followed two distinct objectives. The first idea was to have
absolute ages for roches moutonnées deglaciation to reconstruct glacial dynamic in three of the study
areas. The general idea over the site selection was to draw an elevational transect on striated roches
moutonnées in different morphological units so that the results should be related to different glacial
phases. For this objective, 12 rock samples were sampled on top of the highest possible and flat roches
moutonnées: 5 in the Gavia Pass Area, 4 in the Stelvio Pass Area, and 3 from the Viola Pass Area

(Figure 12).
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Figure 12: Distribution of the cosmogenic samples sites in the study areas (a) Gavia Pass Area; b) Stelvio Pass Area; c)

Viola Pass Area).

The site characteristics are important for the future conversion of *°Be concentration in exposure age,
so for each site, a series of data have been collected (Stone et al., 2000):

e Date and time;

e Latitude and Longitude;

e FElevation;

e Pressure;

e Temperature;

e Thickness;

e Skyline (Figure 13).
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Figure 13: On-field description of the skyline using two different compasses.

The second idea was related to the Val Viola landslide: a previous work of thesis (Longhi, 2015)
already divided the big landslide into different units with different ages and different lithologies using
the Schmidt Hammer R-values. The idea was to verify this partition and the units' age: 3 boulders
were sampled on Orthogneiss units and 2 boulders were sampled on Paragneiss units (Figure 14). The

same site characteristics as the previous point have been registered.

Figure 14: Distribution of the cosmogenic samples sites based on the units from Longhi (2015).
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3.2.LABORATORY ANALYSES

3.2.1. Soil Routine Analyses

Routine soil analyses were performed on all the horizons sampled in the field.

The water content was calculated the percentage in water, the whole soil sample is weighed with a
balance with a precision of one-tenth of a gram and is left in the dryer for 24 hours at 105° C. Then
it is weighed again: the percentage in water is given by the normalized loss by weight between wet
weight and dry weight (Gardner, 1986).

The particle size distribution was calculated stirring the sample in a series of sieves (weighted as tare)
with the following openings: 25mm, 12.5mm, 9.5mm, 6.3mm, 4.7mm, 2.36mm, 2mm, 1.18mm,
0.6mm, 0.425mm, 0.3mm, 0.18mm, 0.15mm, 0.106mm, and 0.075mm for at least 20 minutes. At the
end of the shaking, each sieve and the lower plate are weighed: by subtracting the tare and knowing
the total dry weight, the percentage for each granulometry analyzed can be obtained. The particle size
distribution was then classified according to ASTM classification (4STM, 2007).

Soil pH (in H,0) was determined on an oven-dried fine earth sample using a 1:1 soil:water ratio
(Kalra, 1995). 50g of dry soil were weighed and placed in a 100ml beaker with 50ml of distilled
water, mixed with a glass rod, and left to stand for 30 minutes, stirring the suspension every 10
minutes during this period. Subsequently, after an hour, the suspension is stirred again and the
electrode is introduced for at least 3cm: after at least 30 seconds the reading is recorded.

Organic matter content was determined with LOI (loss-on-ignition) (Blume et al., 1990; Nelson and
Sommers, 1996). First, about 5g of fine earth were weighed and heated in a dryer at 105° C for 12
hours to remove the soil moisture. Subsequently, the samples were placed in a muffle at 440° C for 8

hours and left to rest so that they could not in any way moisten overnight. The samples are then
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weighed again and the total organic matter is calculated as the percentage of weight lost during

combustion:

SO,y = (FREEZ00c) 5 100

Wios°c
where W, g5 represents the sample weight at 105° C e Wy,¢o¢ represents the sample weight at 440°

C.
3.2.2. Soil Iron Analysis

The standard procedure (Mehra and Jackson, 1960; Jackson, 1986) has been followed halving all the
quantities for the dithionite extraction. About 2.5g of soils, ground to 0.06mm nominal pore size,
were transferred in a S0mL polypropylene centrifuge tube. 20mL of 0.3M sodium citrate and 2.5mL
of 1M sodium bicarbonate were added to the tube, then shook and heated to 78°C. At this point, 0.5g
of sodium dithionite were added and the solution was stirred for about a minute and then intermittently
for 5 minutes. This step was repeated a second time and at the end of the 5 minutes, SmL of saturated
NacCl solution were added to promote flocculation. The solution was then centrifuged at 2500 rpm
for 20 minutes, then diluted in 2% nitric acid for ICP analysis.

The standard procedure (Schwertmann, 1964; McKeague and Day, 1966) have been followed for the
oxalate extraction. 500 mg of soil, ground to 0.06mm nominal pore size, were transferred in a 5S0mL
polypropylene centrifuge tube. 30mL of pH 3.0 ammonium oxalate solution were added to the tube
that was immediately put in a light-proof container. The samples were then agitated for 2 hours on a
reciprocating shaker and centrifuged at 2500rpm for 20 minutes, then diluted in 2% nitric acid for
ICP analysis.

Two spoonfuls of 0.06mm grounded soil were pressured to create thin pads, then analyzed with an

SEM-EDX system to calculate the total iron content of each sample.
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3.2.3. Soil Macroremains

50 cm? of the sample were sieved at 2mm by manual sieving with the aid of distilled water.

The first phase, the macroremains research one, involved the use of a stereomicroscope with a

maximum magnification of 4x. A portion of the previously sieved sample is placed in a petri dish

with distilled water and, by observation under the stereomicroscope, the macroremains were

identified and stored in another petri dish are isolated with the aid of entomologist tweezers. Once

the operation is complete on the whole sample, the petri dish containing the macroremains of the

horizon being analyzed is closed and stored at -4° C, moving on to the next sample.

Once all the macroremains have been isolated, the second phase consisted in the identification of the

macroremains. The previously sampled macroremains were analyzed under a microscope with

magnifications of 10x, 20x, 40x, and 100x and compared with images of reference books, in order

to trace the possible species:

A simplified seed identification key for nine species of Pinus based on morphological and
anatomy characters, Paliwal et al., 1984;

Samen un Fructe, Schlichtherle, 1985;

Blattoberfla“chen mitteleuropa“ischer laubgeho™ 1ze: Leaf surfaces of central European woody
plants. Atlas and Keys, Westercamp and Demmelmeyer, 1997;

Macrofossils as records of assemblages from sites at different altitudes in the SwissAlps -
implications on climate and environment. Palaeo-plant responses to rapid Late Glacial
climatic changes at three sites in the Swiss Alps, Tobolski and Ammann, 2000;

Mire and peat macros, Van Geel and Mauquoy, 2007;

Late-glacial vegetation development in Denmark — new evidence based on macrofossils

and pollen from Slotseng, a small-scale site in southern Jutland, Mortensen et al., 2011;
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e Impact of Holocene climate changes on alpine and treeline vegetation at Sanetsch Pass,

Bernese Alps, Switzerland, Berthel et al., 2012.

3.2.4. Soil Micromorphology

From the undisturbed samples collected in Kubi€na boxes, glass-covered soil thin sections were
prepared through impregnation with polystyrene. Micromorphological study of these thin sections
employed an optical petrographic microscope Leica Laborlux 12pol (from 16x to 100x
magnifications), equipped with an Olympus C4040 digital camera. Micropedological observations
were carried out in plane polarized light (PPL), crossed polarized light (XPL), and oblique incident
light (OIL). In thin sections descriptions, the terminology of Bullock et al. (1985) and Stoops (2003)
was mainly used; specific references are given each time a different vocabulary is employed.
Interpretation is mostly based on and Stoops et al. (2018). Very high importance is given to
micromorphologies related to the presence of permafrost or ice lenses, as this could be related to the

origin of podzols.

3.2.5. Cores Routine Analyses

On TBGI and TBSI, after a by sight description of the colour (with the Munsell tables) and the
difference in texture, samples have been taken every cm with a 1 cm?® sampler (two samples every
cm). On one of the samples, routine analyses have been carried on through the whole core. The water
content was calculated the percentage in water, the whole soil sample is weighed with a balance with
a precision of one-tenth of a gram and is left in the dryer for 24 hours at 105° C. Then it is weighed
again: the percentage in water is given by the normalized loss by weight between wet weight and dry

weight (Gardner, 1986).
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The particle size distribution was calculated stirring the sample in a series of sieves (weighted as tare)
with the following openings: 25mm, 12.5mm, 9.5mm, 6.3mm, 4.7mm, 2.36mm, 2mm, 1.18mm,
0.6mm, 0.425mm, 0.3mm, 0.18mm, 0.15mm, 0.106mm, and 0.075mm for at least 20 minutes. At the
end of the shaking, each sieve and the lower plate are weighed: by subtracting the tare and knowing
the total dry weight, the percentage for each granulometry analyzed can be obtained. The particle size
distribution was then classified according to ASTM classification (ASTM, 2007).

Organic matter content was determined with LOI (loss-on-ignition) (Blume et al., 1990; Nelson and
Sommers, 1996). First, the samples were weighed and heated in a dryer at 105° C for 12 hours to
remove the soil moisture. Subsequently, the samples were placed in a muffle at 440° C for 8 hours
and left to rest so that they could not in any way moisten overnight. The samples are then weighed

again and the total organic matter is calculated as the percentage of weight lost during combustion:

SOM,; = (PR 5 100

Wios°c
where W, gso¢ represents the sample weight at 105° C e W,40-¢ represents the sample weight at 440°

C.
3.2.6. Cores Macroremains

The second of the 1 cm? sample were sieved at 2mm by manual sieving with the aid of distilled water.
The first phase, the macroremains research one, involved the use of a stereomicroscope with a
maximum magnification of 4x. A portion of the previously sieved sample is placed in a petri dish
with distilled water and, by observation under the stereomicroscope, the macroremains were
identified and stored in another petri dish are isolated with the aid of entomologist tweezers. Once
the operation is complete on the whole sample, the petri dish containing the macroremains of the

horizon being analyzed is closed and stored at -4° C, moving on to the next sample.
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Once all the macroremains have been isolated, the second phase consisted in the identification of the

macroremains. The previously sampled macroremains were analyzed under a microscope with

magnifications of 10x, 20x, 40x, and 100x and compared with images of reference books, in order

to trace the possible species:

A simplified seed identification key for nine species of Pinus based on morphological and
anatomy characters, Paliwal et al., 1984;

Samen un Fructe, Schlichtherle, 1985;

Blattoberfla“chen mitteleuropa“ischer laubgeho™ 1ze: Leaf surfaces of central European woody
plants. Atlas and Keys, Westercamp and Demmelmeyer, 1997;

Macrofossils as records of assemblages from sites at different altitudes in the SwissAlps -
implications on climate and environment. Palaco-plant responses to rapid Late Glacial
climatic changes at three sites in the Swiss Alps, Tobolski and Ammann, 2000;

Mire and peat macros, van Geel and Mauquoy, 2007;

Late-glacial vegetation development in Denmark — new evidence based on macrofossils
and pollen from Slotseng, a small-scale site in southern Jutland, Mortensen et al., 2011;
Impact of Holocene climate changes on alpine and treeline vegetation at Sanetsch Pass,

Bernese Alps, Switzerland, Berthel et al., 2012.

The results were then represented as number of macroremains of each species over depth with the

software Tilia.

3.2.7. Cores Sand Mineralogical Composition

Half of the core was then subdivided in units: most of them were of 10cm (if the core didn’t show

any difference in stratigraphy), the other were depending of the depth of the layer. In the study, the
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method proposed by Dell (1959) was followed on the units to describe the mineralogical composition
of the sands of cores TBG1 and TBS1. After the removal of organic matter with hydrogen peroxide
and the following cleaning with distilled water, the sample was divided into the desired fraction (from
0.075mm to 2.0mm) by sieving. The grains were then mounted on slides and identified using a
petrographic microscope (from 16x to 100x magnifications) out in plane polarized light (PPL),
crossed polarized light (XPL), and oblique incident light (OIL). The sands were then classified
following the classification proposed by Pettijohn (1975) based on the percentages of quartz, feldspar,

and lithic fragments.

3.2.8. Radiocarbon Datings

The basal cm of RT, TBG1, and TBS1 was reunited, sealed in aluminum foil, and frozen at -20°C.
Concerning TBG1, after searching for macroremains of terrestrial plants, macroremains of a Kalmia
procumbens leaf and a fragment of Plantago alpine were found. The material was insufficient for
dating, so radiocarbon dating was performed on the bulk sediment including the plant fragments. .
Concerning RT, after searching for macroremains of terrestrial plants, just a single fragment of a leaf
of Kalmia procumbens was found, which was insufficient material for dating. The age was
consequently obtained from bulk sediment including the leaf fragment. TBS1 had no macroremains,
so the age was consequently obtained from bulk sediment. The samples were kept frozen until being
sent to Beta Analytic Laboratories for radiocarbon dating. After pre-treatment, samples for
radiocarbon dating were prepared for AMS by converting them into graphite. Calibrated ages were
calculated with the software OxCal 4.2 using the INTCALI13 '#C dataset (Reimer et al., 2013).
Radiocarbon age data are reported as conventional radiocarbon years BP (14C yr BP) and as calibrated

age ranges with a 2c error (95.4%) (cal. yr BP; relative to AD 1950).
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3.2.9. Cosmogenic Sample Preparation

The sample preparation for cosmogenic analysis followed a revised protocol from Wang et al. (2014)
aiming to obtain about 10 g of pure quartz. The rocks were crushed and sieved to have grains between
250pum and 500 pum, starting from about 100 g; the sample was then cleared of the slimes rinsing it
with water and in the sonic bath, and finally treated with 5% nitric acid and 5% hydrochloric acid
for further cleaning and to remove any carbonate present. A surfactant separation was then performed
as follows to separate minerals that fracture (quartz) from those that have cleavage planes (such as
feldspar, micas, pyroxenes, and amphiboles). The rock was leached in 1% hydrofluoric acid for 30
minutes to fluorinate quartz surfaces and clean up other grain surfaces. Subsequently, 10 drops of
dodecylamine solution and 10 drops of tea tree oil were added and mixed with the rock. Fluent water
was flowed in the jar and abruptly stopped not to break up the foam layer formed on the surfaces: the
feldspar and mica, attached to the foam, were then poured off into a different plastic tube. Then few
drops of 5% hydrofluoric acid, 10 drops of dodecylamine solution, and 10 drops of eucalyptus oil
were added again and the process was repeated. After 2 or 3 times, a clean pile of quartz was collected
on the floor of the jar: all samples were etched in 2% hydrofluoric acid for three days a minimum of
two times, and then was rinsed again to remove any hydrofluoric acid present.

Before the cosmogenic content analysis, the quartz underwent an aluminum check to evaluate the
purity of the sample. 0.25g of each sample were transferred to the bottom of a clean vial beaker, and

Sml of 48%/50% hydrofluoric acid (Figure 15) and 1ml of 10% sulfuric acid were added.
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Figure 15: Adding 48%/50% hydrofluoric acid for quartz dissolution.

The vials were posed on a hotplate set to 120° C and left to dissolve and evaporate overnight. If the
samples have dissolved and evaporated as expected, in the cooled vial 10ml of 1% nitric acid were
added and the samples were analyzed for Al, Fe, and Ti in an ICP-OES: if the samples have less than
150ppm Al, they were clean enough for cosmogenic analysis. Even if Fe or Ti concentration were
higher than 300ppm the sample was treated as failed. If samples failed, they underwent additional
mineral separations, including heavy liquids with lithium heteropolytungstate (LST), magnetic
separation on a Frantz separator, additional surfactant separations, treatment with 3M potassium
hydroxide, and additional treatments with 1% hydrofluoric acid / 1% nitric acid.

Unfortunately, even if the samples were ready for cosmogenic analysis, due to Covid-19 outburst, all

analyses were delayed and no data are available at the moment of the writing of this dissertation.
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3.3.DATA ANALYSIS

3.3.1. Iron Crystallinity Ratio Calibration

Feg—Fe,

The crystallinity ratio of free iron oxides (CRF) was calculated as CRF = (Arduino et al.,

€tot

1984; Arduino et al., 1986; Maejima et al., 2002), where Feq is the iron fraction extracted with
dithionite, Fe, is the iron fraction extracted with oxalate, and Feo is the total iron content.

Five absolute ages were used to determine the relationship between CRF and soil formation age.
Because the A horizon may be the result of an integrated soil type that forms when a podzol develops
into a new kind of soil (Maejima et al., 2002), different calibrations were performed for the A and Bs
horizons. Differences between the results may then permit the evaluation of the calibration curves'
reliability. The calibration consisted of a logarithmic regression between CRF and the mean value of
the absolute ages and the confidence interval of the curves was calculated with a logarithmic
regression between CRF and the maximum and minimum of the absolute ages. The logarithmic
regression was chosen because the CRF depends on the alteration of iron: as time passes, the not
altered iron decrease and so the logarithmic function is the most representative for this phenomenon.
The five absolute ages used in the calibration were the following (Figure 16):

e Thebasal age of TBG1 was considered the minimum age of formation for profile PG2 because
the drilled pond containing TBGI is dammed by the morainic ridge containing PG2.

e The minimum formation age of profile PG3 is considered the basal age of RT, as the drilled
pond lies in a depression among some roches moutonées in the same geomorphological unit
as the profile.

e The basal age of TBS1 was considered the minimum age of formation for profile PS1, as the

pond is within a depression among some roches moutonées in close proximity to profile PS1.
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e The lake “Laghetto Alto”, cored in a previous thesis, is within a depression among some
rochees moutonnees very close to profile PS2. The age of the basal lacustrine sediment was
considered the minimal age of profile PS2.

e In addition to these four radiocarbon dates, one '°Be age of 15661-12049 cal. BP (Scotti et
al., 2017) for a granitic boulder in the morainic ridge containing soil profile PV6 was used as

minimum formation age for the soil profile.

Figure 16: Distribution of soil profiles and relative absolute ages for the calibration in the study areas (a) Gavia Pass

Area; b) Stelvio Pass Area; ¢) Viola Pass Area).
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3.3.2. Schmidt’s Hammer R-Values Calibration

A different approach was used in the Gavia Pass Area and in the Forni Area.

In the Gavia Pass Area, three different rock types were analyzed: orthogneiss, paragneiss, and
micaschists. However, an evaluation of the description in the geological map suggested not consider
orthogneiss as the mineralogical composition is very different. To test the difference in weathering
between paragneiss and micaschists in this area, Unit 7b, where both lithologies were present in nearly
the same percentage, was further investigated. R-value and its standard deviation on the 30 stations
of micaschists and on the 34 stations of paragneiss were calculated and compared to evaluate if
measurements from both lithologies could be correctly used jointly in the study area. Three *C ages
and one historical age were used for the calibration of Schmidt’s Hammer R-values (Figure 17b). The
first age corresponds to the base of Core RT, drilled in a relict pond dammed by a morainic ridge
close to site MGV 108 (Unit 4a); this, therefore, represents its minimal exposure age. The second age
corresponds to a paleosol buried in front of a rock glacier located at the base of C.rno dei Tre Signori,
in the Lake Bianco catchment, and represents the minimal exposure age of Site MGV87 (Unit 2b).
The third C age corresponds to the base of Core TBG1 and represents the minimal exposure age of
MGV161 (Unit 5b). The historical ages were calculated from overlaying the orthophotos (2000 and
1975, provided by Geoportale Regione Lombardia); this constrains the minimal exposure age of
MGV110 (Unit 1a). Four calibration curves were generated with a linear regression using the R25
(the mean R-value considering all 25 the readings of every site) and R5 (considering the highest 5 R
values from the reading of every site) values from the single station closest to the site of the '“C-dated
samples and with the mean R25 and R5 values for all stations within in the unit containing the *C
sample site. For each calibration curve, the confidence interval was calculated by applying a linear
regression between the maximum and minimum of the R-value (R+Std. Dv.) and the maximum and

minimum of the *C ages.
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Figure 17: Distribution of roches moutonneés and relative ages for the calibration in the study areas (a) Forni Area; b)

Gavia Pass Area).

In the Forni Area, the Schmidt's Hammer measurements were on a single lithology, micaschists, so
all the data were comparable. Two CRF calculated age on soil, one '“C age, and one historical age
were used for the calibration of Schmidt’s Hammer R-values (Figure 17a). The oldest age corresponds
to the age of the dated soil PF1, dug on a morainic ridge close to site 44 (Unit 7); this, therefore,
represents its minimal exposure age of unit 7 because the soil can be developed after some decades
after the glacier advance. The second age corresponds to the age of PF2, soil pit opened on a morainic
ridge close to site 39 (Unit 6), and also in this case, therefore, represents the minimal exposure age of
Unit 6. The only '“C age available, corresponds to the age of a Pinus cembra log (Pelfini et al., 2014)
found close to site 104 (Unit 5), and dated 4117 Cal BP, representing its minimal exposure age.
Finally, the historical age was calculated from overlaying the orthophotos (1998 and 1981, provided
by Geoportale Regione Lombardia); this constrains the minimal exposure age of the whole Unit 2.
The calibration curve was calculated on the mean of the 25 values of all the stations containing the
absolute age and the confidence interval was calculated by applying a linear regression between the
maximum and minimum of the R-value (R+Std. Dv.) and the maximum and minimum of the absolute

ages.
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3.3.3. Glacial Reconstruction

The final step was to reconstruct the different phases of deglaciation with the aim of the software
QGIS 3.16. All the 'C age, the soil ages obtained via the CRF calibration curves, the exposure ages
obtained via the Schmidt’s Hammer calibration curves, the geomorphological evidence of glaciation
(mainly morainic ridges and the striae on roches moutonnées), and the historical position obtained
from maps and orthophotos were combined to obtain deglaciation phases. Different phases were then
confronted between themselves in the four study areas and were then referenced to post-LGM glacial
advances in the most proximal location from previous studies (Burga, 1987; Ivy-Ochs et al., 2006;
Hormes et al., 2008; Chenet et al., 2016; Moran et al., 2016; Scotti et al., 2017; Kronig et al., 2018)
and related to lake sediment records (Heiri et al., 2014; Ilyashuk et al., 2011; Lauterbach et al., 2011;
Ortu et al., 2008), the INTIMATE event stratigraphy (Rasmussen et al., 2014), the NGRIP §180
(Walker et al., 2009; Walker et al., 2012), the biostratigraphic division (/versen, 1954), and the

European pollen zones (Iversen, 1954).
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4. RESULTS
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ABSTRACT: Podzols that have developed on glacial and periglacial features provide the opportunity to reconstruct
glacial evolution after the Last Glacial Maximum (LGM) using different soil indices. Analysing 17 soils classified as
podzol, we used the crystallinity ratio of free iron oxides (CRF) on both the A and Bs horizons, and absolute ages for
the same landforms containing the soil profile, to create dating curves. Two equations were generated:
age=14566.9xIn (CRF) + 1760 (1), and age=3907 xIn (CRF)+3508.2 (2). The reliability of the curves was
evaluated with the Fe,/Fe, ratio, and with the difference of ages calculated using both eqguations. Equation (2) is
considered more reliable because the A horizon may be influenced by new pedogenesis on the pre-existing podzol,
leading to the development of a new type of soil. By dating the soils, we reconstructed the glacial history of the three
main upper branches of the LGM Adda Glacier in the Central Italian Alps, specifically the Stelvio Pass area (ST),
Gavia Pass area (GV), and the Val Viola valley (VV). Seven glacial advances were identified at 16.7-14.7 ka (phase I),
12.3ka (phase 1), 11 ka (phase I}, 10-9.7 ka (phase IV), 9 ka (phase V), 7.5 ka (phase VI) and 5.3 ka (phase VII). The
first five phases are chronologically similar to the main Late Pleistocene-Early Holocene phases recorded in the
Central European Alps. The last two Holocene phases, which are both longer in duration than the Little Ice Age, are
recorded in ST and GV. Interestingly, these phases generally are not recorded in the rest of the Central European Alps,
where the late Holocene glaciers were smaller than their present size. Copyright © 2020 John Wiley & Sons, Ltd.

KEYWORDS:  glacial reconstruction; Holocene; ltalian Alps; Late Pleistocene; soils

INTRODUCTION

Knowledge about deglaciation after the Last Clacial Maximum
(LGM) in the mountain areas of the Alps is still limited (Tremblay
et al,, 2019). Cosmogenic nuclide analysis places the limit of the
LGM in the Swiss Alps between 21.1 and 19.1ka (lvy-Ochs
et al., 2004, 2015); by 18 ka, more than the 80% of the ice volume
had melted (lvy-Ochs et al,, 2008, 2015; Wuthrich et al., 2018).
Subsequently, glaciers re-advanced, reaching a maximum at
around 17 ka and a stabilisation ca. 15.4 ka (lvy-Ochs et al., 2008,
2015; Wuthrich et al., 2018). Successive phases of glacier advance
occurred between 13.5 and 12ka, (Egesen stadial: e.g. Kerschner
et al., 2000; Bohlert et al, 2011; wy-Ochs, 2015) and between
11.3 and 10ka (Zoller et al., 1998; lvy-Ochs et al., 2006, 2008).
In the Italian Alps, most prior studies evaluated low elevation
sites and set the latest LGM culmination between 26 ka and 17 ka
(Comerdi et al., 2007; Ravazzi et al., 2012, 2014; Pini et al., 2016;
lvy-Ochs et al, 2018). At high elevations, the latest LGM
culmination is placed before 17 ka (Favilli et al., 2008) in the
Eastern Alps; recalculation of moraine boulder exposure rates in
the Maritime Alps places the LGM around 24 ka (Federici
et al., 2016). In the latter, the Biihl stadial was dated around
185ka and the Egesen stadial around 13.5ka (Federici
et al,, 2016). In the Garda Basin, a regressive phase interrupted
forest growth between 16.4 and 15.5 ka (Ravazzi et al., 2012).
Beyond these studies, knowledge related to the LGM and
successive glacial phases in the Italian Central Alps is still scarce.
Soils that have developed on glacial and periglacial features,
such as late-glacial moraines and rock glaciers, provide the
opportunity to date deglaciation or to investigate subsequent

*Correspondence: M. Guglielmin, as above.
E-mail: mauro.guglielmin@uninsubria.it

Copyright © 2020 John Wiley & Sons, Ltd.

geomorphological modification (e.g. Favilli et al., 2008). The
original soil profile development index proposed by Harden
(1982), based on quantification of field information, has been
applied in many recent studies (e.g. Huges et al., 2006;
Hannah et al., 2017). Other well-known soil age indicators
include soil pH, rubification, or transformation of pedogenic
Fe and Al (e.g. Birkeland, 1999, Egli et al, 2003, 2006,
2010, 2015), but these give relative instead of absolute ages.
The present study aims to apply one of these relative dating
methods, the iron crystallinity ratio (Arduino et al., 1984;
Maejima et al., 2002), and evaluate the possibility of using it as
an absolute dating method for deglaciation in a sector of the
Central Italian Alps (Upper Valtellina). If successful, the
method could then be used as a template for reconstructing
the deglaciation history of other Alpine areas.

STUDY AREA

The study area is located in Upper Valtellina, Central Italian
Alps. Our sample sites are divided among the region’s three
main valleys: the Stelvio Pass area (ST), the Gavia Valley (GV),
and the Val Viola - Val Cantone area (VV). (Fig. 1)

Stelvio Pass (ST)

The Stelvio Pass area is located in the Braulio basin, a tributary
of the Adda River, between 2200 and 2704 m asl. The most
common lithologies in the area are granitic and granodioritic
orthogneiss and biotitic paragneiss. Geomorphologically, the
landscape records its glacial, paraglacial and periglacial
history; roches moutonées, morainic ridges, rock glaciers and
protalus ramparts are common, as well as gelifluction lobes
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and terracettes. Several deep slope deformations, debris flows,
and scree slopes are among the more common gravitational
features. Glaciers have been completely absent from the study
area since 1952 (Guglielmin et al., 2001). The mean annual air
temperature in the area is between +1°C and -3 °C (Cannone
et al., 2007), and the mean annual precipitation is 1310 mm/a.

Gavia Valley (GV)

The GV is located in the Gavia basin, a tributary to Frodolfo
Creek, between 2500 and 2784 m asl. The most common
lithologies in the area are orthogneiss, paragneiss and quartz-
phyllites, mostly strongly retrogressed varieties of medium-
grade paraschist (Dal Piaz et al., 1988). The valley bottom is
mainly rocky with clear evidence of glacial erosion, including
roches moutonées and several ponds among these. The valley
sides are mainly covered by ablation till with several morainic
ridges from the different lateral glaciers. A few rock glaciers
and many small periglacial landforms such as earth hummocks
and gelifluction/solifluction lobes are also present. Currently,
two glaciers still exist in the area with mean front elevations of
2980m asl and 2790 m asl. The mean annual temperature is
between +1 °C and -1.4°C (Hijmans et al., 2005), and the
mean annual precipitation is 1150 mm/a.

Val Viola = Val Cantone (VV)

The Val Viola - Val Cantone area is located in the upper part of
the Viola Creek basin, a tributary to the Adda River, between
2100 and 2740 m asl. The Viola Valley is aligned ENE-WSW,
corresponding to the strike of the overthrust between the
Campo Unit and the Grosina Unit. The lower unit (Campo
Unit) is characterised by paragneiss and micaschists, with
anphibolites and orthogneiss intercalations, while the upper
(Grosina Unit) is mainly composed of orthogneiss, migmatites,
and higher-grade paragneiss. Some late Varisican intrusive
granitic, granodioritic and dioritic bodies crop out near Pizzo
Bianco and the Val Viola Pass.

There is clear evidence of glacial, paraglacial and periglacial
processes in this area. Several morainic ridges, along with

Copyright @ 2020 John Wiley & Sons, Lid.

Figure 1. Reference map for site location:
GV = Gavia Valley, ST =Sielvio Pass area, VV =Val
Viola-Val Cantone. [Color figure can be viewed at
wileyonlinelibrary.com].

some subglacial features like possible fluted moraines and
eskers, are present along the Viola Valley. Roches moutonées
are also common, sometimes with striae. Rock glaciers,
protalus ramparts, gelifluction/solifluction lobes, earth hum-
mocks and unsorted polygons are also present. A large rock
avalanche characterises a part of the Viola Valley (Hormes
et al, 2008), while debris flows and scree slopes are
widespread. The mean annual air temperature is between
3°C and —4°C, and the mean annual precipitation is between
700 mm and 1900 mm (data from the Arnoga meteorological
station, ARPA Regione Lombardia).

METHODS
Field data

In order to select the soil profile locations, we first cored the
soils with a hand auger to check for the presence of podzals.
For each core, the site characteristics (coordinates, elevation,
aspect, slope, vegetational coverage, dominant vegetation,
and stoniness) and the soil characteristics (horizon sequence,
colour, texture, structure, characteristics of the boundaries,
and eventual cryoturbations) were described following the
Guidelines for Soil Description (FAO, 2006). At sites where
podzols were identified, profiles were dug on the flat top of
morainic ridges in order to reconstruct the different glacial
phases. The number of examined profiles in every study area
was proportional to their extent. A total of 17 soil profiles were
opened: eight for ST, six for VV, and three for GV. All soil
profiles were described through the C horizon and to a
minimum depth of 50ecm. For each soil profile, the site
characteristics (coordinates, elevation, aspect, slope, vegeta-
tional coverage, dominant vegetation and stoniness) and the
soil characteristics (horizon sequence, colour, texture, struc-
ture, characteristics of the boundaries and eventual cryoturba-
tions) were described following the Guidelines for Soil
Description (FAO, 2006). Moreover, approximately 1kg of
soil was sampled from the A, B and (when possible) E
horizons.

J. Quaternary Sci., Vol. 35(8) 1021-1035 (2020
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Soils were then classified using the World reference base tor
soil resources 2014: International soil classification system for
naming soils and creating legends for soil maps (FAO, 2014).

Some peatlands and lake sediments were sampled with an
Eijkelkamp piston sampler 01.09 to obtain basal radiocarbon
ages. Since all peatlands and lakes were dammed by morainic
ridges or located in depressions between roches moutonées
geomorphologically contemporary to the morainic ridges
containing the soil profiles, the basal radiocarbon ages
represent the minimum age of soil profile formation and give
information about the deglaciation ages.

Routine soil analysis

Routine soil analyses were performed on the 39 horizons
sampled in the field. Water content was calculated with weight
loss by oven-drying the soil at 105 *C (Gardner, 1986). Soil pH (in
H.0) was determined on an oven-dried fine earth sample using a
1:1 soil:water ratio (Kalra, 1995). The particle size distribution
was measured using a series of sieves (25 mm, 12.5mm, 9.5 mm,
6.3 mm, 4.7 mm, 2.36 mm, 2 mm, 1.18 mm, 0.6 mm, 0.425 mm,
0.3 mm, 0.18mm, 0.15mm, 0.106 mm and 0.075mm) and
classified according to the ASTM classification (ASTM, 2007).
Organic matter content was determined with LOI (loss-on-
ignition) on 5 g of fine earth heated to 400 °C for 8 hours (Blume
et al, 1990; Nelson and Sommers, 1996).

Soil chemical analysis

The standard procedure for dithionite extraction (Mehra and
Jackson, 1960; Jackson et al., 1986) was followed with half of
the reagent quantities on about 2.5 g of ground soil.

The standard procedure for oxalate extraction (Schwert-
mann, 1964; McKeague and Day, 1966) was applied to
500 mg of ground soil. Both extraction procedures were tested
for reproducibility by repeating the analysis three times on
three random samples.

Two spoonfuls of 0.06 mm ground soil were pressured to
create thin pads, then analysed with a SEM-EDX system to
calculate the total iron content of each sample.

The crystallinity ratio (CRF) was calculated as Cr= 'rf‘gﬁ
tot

(Arduino et al., 1984, 1986; Maejima et al., 2002), where Fe,
is the iron fraction extracted with dithionite, Fe, is the iron
fraction extracted with oxalate, and Fe,, is the total iron

content.

Radiocarbon dating

The basal cm of each peat or lacustrine sediment core was
sampled, sealed in aluminium foil, and frozen at -20°C. The
samples were kept frozen until being sent to Beta Analytic
Laboratories for radiocarbon dating. After pre-treatment,
samples for radiocarbon dating were prepared for AMS by
converting them into graphite. Calibrated ages were calculated
with the software OxCal 4.2 using the INTCAL13 "C dataset
(Reimer et al., 2013). Radiocarbon age data are reported as
conventional radiocarbon years er ("*C yr er) and as calibrated
age ranges with a 2o error (95.4%) (cal yr ep; relative to
Ap 1950).

CRF-age calibration and glacial reconstruction

Five absolute ages were used to determine the relationship
between CRF and soil formation age. Since the A horizon may
be the result of an integrated soil type that forms when a
podzol develops into a new kind of soil (Maejima et al., 2002),

Copyright © 2020 John Wiley & Sons, Lid.

different calibrations were performed for the A and Bs
horizons. Differences between the results may then permit
evaluation of the calibration curves’ reliability. The calibration
consisted of a logarithmic regression between CRF and the
mean value of the absolute ages. The confidence interval of the
curves was calculated with a logarithmic regression between
CRF and the maximum and minimum of the absolute ages.

Finally, we combined the *C ages, the soil ages obtained
via the CRF calibration curves, and the geomorphological
evidence of glaciation (mainly the morainic ridges and the
striae on some roche moutonnée) to reconstruct the different
phases of deglaciation in QGIS 3.16.

RESULTS
Soil description

The main site characteristics and soil classification are
synthesised in Table 1, while soil characteristics described in
the field are listed in Table 2.

The soil profiles were collected at elevations between
2126m (PV6 in VV) and 2789 m (PG3 in GV), and all the
three study areas contained podzols up to at least 2704 m. All
the analysed sites had more than 70% vegetational coverage;
generally, herbaceous plants typical of natural Alpine mea-
dows. In contrast, PV3 and PG3 were dominated by lichens,
whereas mosses were the dominant vegetation at PG2 and
PS6. None of the soils were very developed, and the thickness
of A+ B was always less than 60 cm. The thinnest soil profile
was PV5 with only 25em, and the thickest was PS8 with
56 cm. Twelve profiles displayed an E horizon associated with
diagnostic Albic material (PG1, PG3, PS1, PS2, PS3, PS4, PS5,
PS6, PS7, PS8, PV1 and PV4); this horizon was always present
in ST. The diagnostic Spodic horizon was present in all soil
profiles with a thickness of between 10cm (PV5) and
28 cm (PV1).

All the described soils are classified as podzols (see example
in Fig. 2); eight were classified as Albic podzols, five as
Skeletic podzols, three as Entic podzols, and one as a Gelic
podzol. All three study areas present Albic soils characterised
by an evident E Albic horizon.

Charcoals were found in profile PV6 at 8-10cm and
13-14 cm depth.

Cryoturbations were found in several profiles: PG3 and PS2
between the B and C horizons, PS4 between the E and B
horizons, and PS7 and PV3 between the B and B/C horizons.

Soil laboratory results

The main soil characteristics determined by laboratory analysis
are reported in Table 3. The silt and clay fraction is always
<10% (Table 3), reaching its highest values in the Bs horizon
of PV3 (9.03%) and in the Bhs horizon of PG2 (8.54%). On
average, the Stelvio area’s A and Bs horizons are the most
skeletic and sand-poor profiles, whereas the Val Viola area is
the opposite.

The pH is fairly acidic in every horizon, ranging between 3.7
in PG3-A and 4.64 in PG1-Bs. The Stelvio and Gavia areas
have the same mean pH of 4.18, whereas the Val Viola area
has a slightly higher mean pH (4.28 £0.17). In every profile,
the B horizon is more acidic than the corresponding A horizon,
with the exception of profile P53.

The LOI ranges between 5.23% in PG1-Bs and 22.43% in
PV4-A. The A and Bs horizons from the Val Viola area have the
highest mean LOI, whereas the Gavia area has the lowest. The
A horizon has a higher LOI value than the B horizon as
expected in every profile with the exception of profile PS1.
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38

Depth (cm)

36
44
35
4,

35
4

45
40

Entic podzol
Albic podzol

Albic podzol
Skeletic podzol
Skeletic podzol

Gelic podzol

Albic podzol
Skeletic podzol

Albic podzol

Albic podzol

Albic podzol

Albic podzol
Skeletic podzol
Skeletic podzol

Soil classification
Albic podzol

Horizon sequence
O-A-E-Bs-C
0O-A-Bhs-Bs-C
O-A-E-Bs-C
0-A1-A2-E-Bs-B/C-C
O-A-E-Bs-C
O-A-E-Bs-B/C-C
O-A-E-Bs-B/C-C
O-A-E-Bs-B/C-C
0-A-E-Bhs-Bs-C

0%
10%

Stoniness
30%
0%
40%
20%
10%
20%
25%

baceous
baceous

Mosses
Herbaceous

Lichens

Herbaceous
Mosses

He
He
He
He
He

Dominant vegetation

Vegetational coverage
70%
100%
60%
80%
90%
100%
90%
80%
75%

Slope (%)
2
2
3
2
2
3
4
4
1

Aspect (%)
5
230
112
240
338
274
98
180
250

Elevation (m as.l.)
2602
2641
2789
2655
2588
2534
2700
2610
2630

Y
10.49383
10.49696
10.48203
10.44636
10.42816
10.43835
10.39423
10.39837
10.42936
10.42352
10.40879

X
46.34586
46.34295
46.35523
46.53214
46.53441
46.53280
46.53158

46.5263
46.52733
46.52228
46.41917

Site description and soil classification.
46.53849

Table 1
Profile 1D
PGI1
G2
PG3
PS1
PS3
PS4
PS5
PS6
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43

O-A-E-Bs-B/C-C

30%

70%

301
356
126
152
256
160
141

1551

647
2228
2347
2359
2740

2
2

PS7
PS8
PV1

56
48

5% O-A-E-Bhs-Bs-C

40%

Herbaceous

95%

O-A-E-Bs-C

Herbaceous

60%

5% O-A-E-Bs-C

40%

Herbaceous

95%

5922

6492

40

O-A-Bs-B/C-C

O-A-Bs-B/C-C

0-A-Bs-B/C-C
0-A-Bs1-Bs2-B/C-C

Lichens

Herbaceous

60%

45

10%

10%

90%

5191
5129
9662

25
37

Entic podzol

Entic podzol

Herbaceous

90%

2525

0%

Herbaceous

100%

2126

10.
10.
10.
10.
10.

4642117

PV2
PV3
PV4
PV5
PV6

46.43767
46.43666
46.43594
46.42268

Soil iron content

The quantification of soil iron content with dithionite, oxalate,
and total Fe analysis was performed on the A, B and E (when
sampled) horizons for a total of 36 samples. The VV soils were
richer in Fe than the GV and ST samples (Table 4). In the
available E horizons (PS8 and PV1), total Fe and its ratio is very
low, as expected in eluvial horizons. The ratio Fe,/Feq, known as
the index of pedogenetic state (Schwertmann and Taylor, 1989;
Zanelli et al., 2007), is generally close to 0.5 and always <1 in
our study area. The value 0.5 is the threshold of a very active
pedogenetic state, with high intensity of weathering and a high
release rate of metal cations and pedogenetic oxides (Schwert-
mann and Taylor, 1989; Zanelli et al,, 2007). The upper limit of
Fe,/Fey occurs for profiles PS7 and PV2, in which the A horizon
displays its highest recorded value. In these cases, the A horizon
may be the result of new pedogenesis on a pre-existing podzol,
leading to the development of a new kind of soil (Maejima
et al., 2002).

The test for the dithionite extraction was replicated three
times on samples PG1-A, PS1-Bs and PV1-Bs to evaluate its
reproducibility. The extraction returned values of 62.76, 63.33
and 63.15 for sample PGI1-A, with a mean result of
63.08 £0.29. PS1-Bs returned values of 38.61, 38.38 and
39.17, with a mean result of 38.72 + 0.41; PV1-Bs returned
values of 89.04, 89.80 and 89.24, with a mean result of
89.36 +£0.39. The test for the oxalate extraction was replicated
three times on samples PS7-A, PS7-Bs and PV2-A. PS7-A
returned values of 36.86, 36.18 and 36.28, with a mean result
of 36.44 +0.37; PS7-Bs returned values of 38.63, 38.89 and
39.18, with a mean result of 38.90 + 0.28; and PV2-A returned
values of 41.80, 41.74 and 41.20, with a mean result of
41.58 £ 0.33. These results demonstrate the reproducibility of
both extraction methods and support the effectiveness of the
calibration procedure described in the following section.

Soils as a proxy for the deglaciation age

The base of TBG1 was dated at 8010-7029 cal e (Table 5).
This represents the minimum age of formation for profile PG2
because the drilled pond containing TBG1 is dammed by the
morainic ridge containing PG2.

In the same valley, the minimum formation age of profile
PG3 is 5091-4990 cal gr (Table 5), considering that the drilled
pond (RT1) lies in a depression among some roches moutonées
in the same geomorphological unit as the profile.

In the ST area, a pond within a depression among some
roches moutonées was cored (TBS1) in close proximity to
profile PS1 (Table 5). The deepest centimetre of sediment from
TBS1 was dated at 7271-7125 cal ge.

Finally, in the ST area the lacustrine sediments of a small
lake named Laghetto Alto were cored. The lake is within a
depression among some rochees moutonnées very close to
profile PS2. The age of the basal lacustrine sediment was 11
137-10 852 caler, which represents the minimum age of
profile PS2 (Table 5).

In addition to these four radiocarbon dates, our absolute age
dataset includes one '"Be age of 15 661-12 049 cal. ep for a
granitic boulder in the morainic ridge containing soil profile
PV6 (Scotti et al., 2017; see Table 5). We used these five
absolute ages to calibrate the iron crystallinity ratio index of
the A and B horizons for use as a dating proxy.

The calibration for the A horizon gave the curve age = 4566.9
% In(CRF) + 1760 (Equation 1; grey) with an R* = 0.9469. Using
the B horizon produced the relationship age = 3907xIn(CRF) +
3508.2 (Equation 2; red) with an R* =0.9539. These are shown
in Fig. 3 with their respective range of uncertainty. In both

J. Quaternary Sci., Vol. 35(8) 1021-1035 (2020

67



PODZOLS FOR DATING LATE PLEISTOCENEHOLOCENE GLACIER EVOLUTIONS 1025

Table 2. Characteristics of soil profiles as recorded in the field.

Profile Id Depth Horizon Lower boundary Aggregates Colour Cryoturbation (cm)
PG1 0-1 8] Abrupt wavy Granular fine 10YR 2/1 Not found
1-8 A Clear wavy Granular medium 7.5YR 2.5/1 Not found
4-8 E Clear wavy Prismatic fine 5YR 8/2 Not found
12-36 Bs Clear wavy Granular medium 5YR 3/4 Not found
36-50 C Unknown Granular coarse 10YR 4/6 Mot found
PG2 0-2 O Abrupt smooth Granular fine 10YR 211 Not found
2-12 A Clear wavy Granular fine 7.5YR 2.5/2 Not found
12-30 Bhs Clear wavy Granular medium 5YR 3/3 Not found
30-44 Bs Abrupt wavy Granular fine 7.5YR 3/3 Not found
44-55 C Unknown Granular fine 10YR 5/6 Not found
PG3 0-1 6] Clear smooth Granular medium 10YR 2/2 Mot found
1-8 A Clear wavy Granular medium 7.5YR 3/2 Mot found
8-10 E Clear wavy Granular medium 7.5YR7/3 Mot found
8/10-35 Bs Clear wavy Granular fine 5YR 4/4 3-5
35-53 C Unknown Blocky medium 10YR 5/3 5
Ps1 0-1 0] Abrupt smooth Poliedric fine 7.5YR 2.5/1 Not found
1-3 A Abrupt wavy Poliedric medium T0YR 4/2 Not found
3-8.5 Al Abrupt wavy Poliedric fine 7.5YR 4/2 Not found
8.5-11 E Abrupt wavy Poliedric fine 10YR 8/2 Not found
11-30 Bs Clear wavy Granular medium 7.5YR 4/4 Not found
30-48 B/C Abrupt wavy Granular medium 10YR 6/2 Not found
48-50 C Unknown Granular coarse 10YR 5/1 Not found
PS2 0-2 e} Abrupt wavy Granular fine 10YR 21 Not found
2-15 A Abrupt wavy Granular medium 10YR 2/2 Not found
15-20 E Clear wavy Blocky medium 10YR 71 Not found
20-38 Bs Abrupt wavy Granular fine 7.5YR 4/4 5-6
38-50 C Unknown Granular medium 7.5YR 5/3 4
PS3 0-1 8] Abrupt smooth Granular fine 10YR 2/2 Not found
1-6 A Abrupt wavy Granular fine 7.5YR 3/1 Not found
6-10 E Abrupt wavy Granular fine 5YR7/2 Not found
10-25 Bs Clear wavy Granular medium 5YR 3/2 Not found
25-35 B/C Clear wavy Blocky fine 7.5YR 4/2 Not found
35-50 C Unknown Blocky medium 10YR 6/2 Not found
PS4 0-1 0] Abrupt smooth Blocky fine 10YR 2/2 Not found
1-8 A Abrupt smooth Granular fine 7.5YR 3/1 Not found
8-15 E Clear wavy Granular fine 5YR 7/2 3
15-35 Bs Clear wavy Granular medium 5YR 3/2 6-7
35-48 B/C Abrupt smooth Granular fine 7.5YR 5/4 Not found
48-50 C Unknown Granular medium 10yR 7/4 Not found
PS5 0-2 o] Abrupt wavy Blocky fine 7.5YR 2.5/2 Not found
2-7 A Clear wavy Blocky medium 10YR 2/2 Not found
7-13 E Clear wavy Granular fine 7.5YR 7/2 Mot found
13-36 Bs Gradual wavy Granular fine 7.5YR 4/4 Not found
36-45 B/C Abrupt wavy Granular medium 10YR 6/6 Not found
45-50 C Unknown Granular medium 10YR 6/2 Mot found
PS6 0-2 0] Abrupt wavy Granular fine 7.5YR 2.5/1 Not found
2-8/9 A Clear wavy Granular medium 7.5YR 3A1 Not found
8/9-13 E Clear wavy Blocky fine 7.5YR 8/3 Not found
13-25 Bhs Abrupt wavy Granular fine 5YR 3/3 Not found
25-40 Bs Clear wavy Granular fine 5YR 4/4 Not found
40-50 C Unknown Prismatic medium 10YR 3/4 Not found
PS7 01 O Abrupt smooth Granular fine 7.5YR 2.5 Not found
1-9 A Abrupt wavy Granular fine 7.5YR 2.5/ Not found
9-12 E Clear wavy Granular medium 7.5YR 8/2 Not found
12-38 Bs Gradual wavy Granular medium 5YR3/3 5
38-48 B/C Clear wavy Blocky fine 7.5¥R 5/4 5-7
48-54 C Unknown Blocky medium 10YR 7/3 Not found
PS8 0-1 8] Abrupt wavy Blocky fine 10YR 2/2 Not found
1-14 A Abrupt wavy Blocky medium 10YR 21 Not found
14-16 E Clear wavy Granular fine 7.5YR7/3 Not found
16-31 Bhs Clear wavy Granular fine 5YR 3/1 Not found
31-56 Bs Gradual wavy Granular fine 5YR 4/4 Not found
56-60 € Unknown Blocky medium 10YR 4/3 Not found
PV1 01 O Abrupt smooth Granular fine 7.5YR 2.5/ Not found
1-9/12 A Clear wavy Granular fine 7.5YR 2.5/3 Not found
9/12-20 E Clear wavy Granular fine 7.5YR 8/2 Not found
20-48 Bs Gradual wavy Blocky medium 7.5YR 5/3 Not found
48-60 C Unknown Granular medium 10YR 7/8 Not found
(Continued)
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Table 2. (Continued)

Profile Id Depth Horizon Lower boundary Aggregates Colour Cryoturbation (cm)
PV2 0-1 (@] Abrupt wavy Granular fine 7.5YR 2.5/1 Not found
1-20 A Clear wavy Granular medium T10YR 211 Not found
20-22 E Clear wavy Granular fine 7.5YR 7/2 Not found
22-45 Bs Gradual wavy Granular fine 5YR 4/4 Not found
45-50 - Unknown Blocky medium T0YR 6/4 Not found
PV3 0-1 O Abrupt smooth Granular fine T10YR 2/2 Not found
1-16/18 A Clear wavy Blocky fine 7.5YR 2.5/3 Not found
16/18-24/30 Bs Clear wavy Granular fine 5YR 4/3 8
24/30-40 B/C Clear wavy Granular fine 7.5YR 6/2 3-5
40-50 C Unknown Blocky medium T10YR 6/4 Nat found
PV4 0-1 8] Abrupt wavy Granular fine T0YR 2/1 Nat found
1-14 A Clear wavy Granular medium T0YR 2/2 Not found
14-29 Bs Clear wavy Granular fine 5YR 4/2 Not found
29-45 B/C Gradual wavy Prismatic fine 7.5YR 6/3 Not found
45-50 C Unknown Prismatic fine T0YR 6/2 Not found
PV5 0-2 8} Abrupt smooth Blocky fine T10YR 211 Not found
2-15 A Clear wavy Blocky fine 7.5YR 2.5/1 Not found
15=25 Bs Clear wavy Granular medium 5YR 4/4 Not found
25-40 B/C Abrupt smooth Granular medium T10YR 6/3 Not found
40-50 C Unknown Granular fine 10YR 711 Not found
PVe 0-3 0 Abrupt smooth Granular fine T10YR 2/2 Not found
3-8 A Abrupt wavy Granular fine 7.5YR 2.5/1 Not found
8-10 Carbons Abrupt wavy Undefinable Undefinable Not found
10-13 Bs1 Abrupt wavy Granular medium 5YR 4/4 Not Found
13-14 Carbons Abrupt wavy Undefinable Undefinable Not Found
14-24 Bs2 Clear wavy Granular medium 5YR 4/6 Not Found
24-37 B/C Clear wavy Granular fine S5YR 3/4 Not Found
37-50 C Unknown Locally cemented T10YR 6/2 Not found

Equation (1) and Equation (2}, the uncertainty is low when the
soil profile is young and increases as the profile gets older. This is
most likely due to the uncertainty of the radiocarbon dating
rather than an error in the CRF index. By applying these
equations, a range of ages for each horizon in all soil profiles was
calculated.

DISCUSSION

The CRF crystallinity ratio of free iron for soil

dating

The CRF (crystallinity ratio of free iron oxides) gradually
increases with the stage of soil development and displays a

Figure 2. P52, an example of Skeletic Podzol. [Color figure can be viewed at wileyonlinelibrary.coml.
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Table 3. Soil characteristics. The grain size classes (skeleton, sands, silt+clay), the water content, and the LOl are in % while the pH is in pH unit.

Profile Id Horizon Skeleton Sands Silt+ clay Water content pH LOI
PG1 O N.A. N.A. NLA. N.A. N.AL N.A.
A 34.47 62.94 2.59 26.74 4.07 14.98

E NLA. N.A. NLA. N.A. N.AL N.A.

Bs 40.26 58.88 0.86 15:73 4.64 5.23

C N.A. N.AL NLA. N.A. N.A. N.A.

PG2 O NLA. N.A. N.A. N.A. N.A. N.A.
A 21.09 76.81 2.1 23.84 3.77 17.28

Bhs 39.35 55.43 5.22 16.18 4.39 5.73
Bs 45.94 45.52 8.54 15.08 4.36 11.12

C N.A. N.A. NLA. N.A. N.AL N.A.

PG3 O N.A. N.A. NLA. N.A. N.AL N.A.
A 28.36 71.48 0.16 23.14 7 10.78

E N.A. N.AL NLA. N.A. N.AL MN.A.

Bs 28.75 64.43 6.82 17.22 4.34 5.34

G N.A N.A NLA. N.A. N.AL N.A.

PS1 O N.A NLA NLA. N.A. N.A N.A.
A 27.42 71.31 :27: 25.61 3.87 7.38

Al NLA, N.A N.A N.A, N.A N.A,

E NLA, N.A N.A. N.A, N.A N.A,
Bs 37.69 61.69 0.62 14.96 4.57 10.44

B/C N.A. N.A N.A. N.A, N.A NL.A,

C N.A. N.A. NLA. N.A. NA. N.A.

Ps2 O N.A. N.A NLA. N.A. N.A N.A.
A 37.23 62 0.77 22.09 4.01 18.87

E N.A. N.A N.A, N.A. NLA, N.A

Bs 61.97 37.38 0.65 18.42 4.13 9.34

C N.A. N.A NLA. N.A. N.A. N.A.

PS3 O N.A. N.A. NLA. N.A. N.A N.A.
A 30.13 69.14 0.73 32.66 4.36 17.47

E NLA. N.A. N.A. N.A. N.A N.A,

Bs 18.42 78.03 3.55 28.57 4.24 .84

B/C N.A N.A. NLA. N.A N.A N.A

& N.A N.A. NLA. N.A. NLA N.A.

PS4 O N.A N.A. NLA NLA. NLA N.A.
A 12.09 84.94 2.97 26.8 3.89 17.49

E NLA, N.A. N.A. N.A NLA, N.A
Bs 49.03 50.06 0.91 19.23 4.1 1293

B/C NLA, N.A N.A. N.A, N.A NL.A.,

55 N.A N.A NLA. N.A. N.A N.A

PS5 O N.A N.A NLA. N.A. N.A N.A.
A 23 71.59 5.4 26.41 4.03 13.78

E N.A. N.A NLA. N.A. NLA. N.A.
Bs 49.18 49.98 0.84 17.62 4.2 10.12

B/C N.A N.A N.A. NLA, N.A N.A

G N.A N.A NLA. N.A. N.A N.A.

PS6 O N.A. N.A NLA. N.A. NLA N.A.
A 26.94 71.55 1.51 25.72 4.18 11.18

E N.A, N.A N.A. N.A, N.A N.A,

Bhs 50.1 47.86 2.04 20.25 4.3 9.68

Bs 55.53 4297 1.5 13.71 417 7.02

C N.A N.A NLA. N.A. N.A N.A.

PS7 O N.A N.A. NLAL N.A. N.A. N.A.
A 49.52 46.68 3.8 27.66 4.1 15.81

E N.A N.A N.A. N.A. N.A, N.A

Bs 58.86 36.09 5.05 21.82 4.2 9.76

B/C N.A N.A NLA. N.A. NLA N.A.

G N.A N.A NLA. N.A. N.A N.A.

PS8 O N.A N.A NLA. N.A. N.A N.A.
A 25.84 71.91 2,25 26.22 4.02 16.26

E 29.62 67.57 2.81 22.6 4.5 12.11
Bhs 49.27 48.85 1.88 20.65 4.17 10.16

Bs 43.89 53.7 2.41 18.56 4.41 6.01

C N.A N.A NLA, N.A NLA, N.A

PV1 0] NLA. N.A. N.A. N.A. N.A. N.A.
A 5.98 86.3 7.72 26.75 4.33 11.73

E 13.37 79.37 7.26 25.82 4.27 7.43

Bs 7.78 85.99 6.23 25.28 4.51 8.75

C N.A. N.A. NLA. N.A. N.AL N.A.
(Continued)
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Table 3. (Continued)

Profile Id Horizon Skeleton Sands Silt + clay Water content pH LOI
PV2 O N.A. N.A. N.A. N.A. N.A. N.A.
A 12.86 84.62 2.52 29.27 3.92 18.65

E N.A. N.A. NLA. N.A. N.AL N.A.
Bs 50.57 48.83 0.6 2593 4.07 15.05

C N.A. N.A NLA. N.A. N.A. N.A.

PV3 O N.A. N.A. N.A. N.A. N.A. N.A.
A 57.01 35.76 7.23 27.76 4.18 15.99

Bs 39.17 51.8 9.03 29.93 4.32 13.5

B/C NLA. N.A N.A N.A. NA N.A,

55 N.A. N.A N.A NLA. N.A N.A

Pv4 O N.A. N.A N.A N.A. N.A N.A
35.32 62.36 2.32 25.96 4.27 22.34
Bs 59.38 36.98 3.64 25:51 4.43 17.02

B/C N.A. N.A N.A, N.A. N.A N.A

c N.A. N.A N.A N.A. N.A N.A

PV5 O N.A. N.A. N.A N.A. N.A N.A.
A 25.51 73.46 1.03 22.85 4.2 17.34
Bs 44.15 55.16 0.69 2515 4.55 12.06

B/C N.A. N.A NLA. N.A. N.A N.A

c N.A. N.A N.A N.A. N.A N.A

PV6 0 N.A. N.A. N.A N.A. N.A N.A
A 16.98 80.2 2.82 28.25 4.29 18.28

Carbons NLA. N.A. NLA MNLA. N.A NLA

Bs1 N.A. N.A. N.A NLA, N.A N.A

Carbons NLA. N.A. NLA, MNLA. NA, NLA

Bs2 35.24 62.12 2.64 18.25 4.32 6.88

B/C N.A. N.A. N.A N.A. N.A N.A

C N.A. N.A. N.A N.A. N.A N.A

MN.A. = not analysed.

highly positive correlation with the absolute ages of soils.
Similar trends have previously been identified in Northern Italy
for soils developed between the Middle Pleistocene and the
Holocene (Arduino et al., 1984, 1986). Elsewhere in the world,
a curve has been calculated over a longer time scale.
Comparing this previous result with our mean calibration
curves, we observe that the function reaches an asymptote at a
younger age, indicating that it may be less reliable over a
longer time scale (Maejima et al., 2002) (Fig. 4). Using the Fey,
Woodward et al. (1994) proposed a quantitative weathering
index that is the product of the difference between the
maximum Fey value and the least-altered or unweathered
sample Fey value and the total thickness of the strongly
weathered horizon. This approach implies a linear relationship
between the weathering index and the profile age, but many
studies emphasise that the weathering rate tends to decelerate
through time (e.g. Birkeland, 1984; Maejima et al., 2002).
Therefore, in this study we prefer to apply only the logarithmic
regression proposed by our CRF-age curves.

The soil formation ages calculated using the A horizon
versus the B horizon are slightly different, especially for
profiles PS7, PS5 and PV2. At these sample sites, the results
calculated with Equation (1) are respectively 4271, 3784 and
4714 years younger than those obtained with Equation (2).
Similar results have been reported by previous studies in Italy
(Arduino et al., 1986) and worldwide (Maejima et al., 2002). A
possible explanation for this discrepancy is that the soil we
sampled is an integrated soil type that develops from podzol to
a new kind of soil (Maejima et al., 2002). This reinforces our
interpretation of the Fe,/Feq ratio, particularly for sites PS7 and
PV2. In these two cases, we cannot eliminate the possibility
that the A horizon developed on a sliding surface, although no
discontinuities are visible in the sections. For this reason, even
though R” is high for Equation (1), the glacial reconstruction

Copyright © 2020 John Wiley & Sons, Lid.

proposed in this study will be based on soil ages calculated
from Equation (2).

In ST, the oldest profiles are PS4 and PS5, which have similar ages
of 10 828+1243 and 11 79141380, respectively. Both
profiles are located at approximately the same elevation
(2700m asl). The youngest profile at site ST is PS1, with an
age of 6740 +46 and an elevation of 2655m asl.

In GV, the oldest profile is PG1 with an age of 10 230+ 947
(2602m asl), while the youngest is PG3 with an age of
5490 £ 187 (2789 m asl).

In VV, the oldest profile is PV3 with an age of 14 669 + 2008
(2740m asl), while the youngest is PV5 with an age of
9088 + 675 (2525 m asl).

The deglaciation of the b,'prer Valtellina and its
relationship with glacier fluctuations in the Alps

Considering the similar elevations of sites VV, ST and GV, the
development of podzols is remarkably different in the three
areas. Specifically, the soils in VV were much older (16 700 cal
year gp, at 2740 m asl) than the soils in ST (12 500 cal year ep at
2700 m asl). Both VV and ST were significantly older than the
soils from a comparable elevation in GV (5300 cal year ep at
2780m asl).

Combining the '“C ages and the mean soil ages obtained
with CRF, we identified seven glacial advance phases
preceding the Little Ice Age (LIA). These phases have been
dated as follows: 16.7-14.7 ka (phase 1), around 12.3 ka (phase
I, 11 ka (phase Il1), 10-9.7 ka (phase IV}, 9 ka (phase V), 7.5 ka
(phase VI) and 5.3 ka (phase VII). These phases were then
referenced to post-LGM glacial advances in the most proximal
location from previous studies (Burga, 1987; vy-Ochs et al., 2006;
Hormes et al, 2008; Chenet et al., 2016; Moran et al., 2016;
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Table 4. Results of soil iron extraction.

Table 4. (Continued)

Profile Id Horizon Fey Fe, Fey CRF Profile Id Horizon Fey Fe, Feyq CRF
PG1 O NLAL N.A. N.AL N.A. Pv2 O N.A N.A. NLA. N.A.
A 63.08 41.11 3.73 5.89 A 115.96 107.65 8.45 2.51
E N.AL N.A. N.AL N.A. E NLA. N.A. NLA N.A
Bs 44.11 30.61 2.1 6.39 Bs 62.23 41.58 2.29 9.03
C N.AL N.A. N.AL N.A. C N.A N.A. N.A N.A
PG2 O N.A. N.A. N.A. N.A. PV3 o] N.A N.A. N.A N.A,
A 53.69 40.72 4.47 2.90 A 105.01 42.53 4.64 13.47
Bhs N.A. N.A. N.AL N.A. Bs 79.04 17.22 3.66 16.89
Bs 40.47 30.98 2.72 3.48 B/C N.A N.A N.A N.A.
€ N.AL N.A. N.AL N.A. C N.A N.A N.A N.A.
PG3 O N.A. MN.A. N.AL N.A. Pv4 O N.A N.A. N.A N.A.
A 98.23 43.81 6.63 8.21 97.88 84.13 1.75 7.84
E NLA. N.A. N.A. N.A. Bs 65.11 58.18 0.96 7.20
Bs 43.78 30.06 6.06 2.26 B/C NLA, N.A. N.A N.A.
G NLA. N.A. NLAL N.A. C N.A N.A. MNLA N.A
PS1 O NLA. N.A. N.AL N.A. PV5 O N.A. N.A. N.A. N.A.
A 33.76 21.54 4.09 299 A 71.66 43.40 6.11 4.62
Al NA. N.A. N.A. NA. Bs 53.67 32.45 4.27 4.98
E N.A. N.A. N.A. N.A. B/C N.A N.A. N.A N.A
Bs 38.72 27.05 5.10 2.29 C N.A N.A. N.A N.A
B/C N.A. N.A. N.A. N.A. PV6 0 N.A. N.A. N.A. N.A.
C N.A. NA. N.A. N.A. A 87.97 47.66 3.97 10.16
ps2 O N.A. N.A. N.A. NLA. Carbons N.A. N.A. N.A. N.A.
A 36.61 27.59 1.90 475 Bs1 N.A. N.A. N.A. N.A.
E N.A. N.A. N.A. N.A. Carbons NL.A. N.A. N.A. N.A.
Bs 52.64 30.58 5.50 4.01 Bs2 60.67 32.48 2.54 11.09
C N.AL N.A. N.AL N.A. B/C N.A. N.A. NLA. N.AL
PS3 O NLAL N.A. N.AL N.A. C N.A. N.A. NLA. N.A.
A 649.84 56.20 2.96 4.60
E N.A. N.A. N.A. N.A. Fed = dithionite extracted iron, (%s); Feo = oxalate extracted iron, (%o);
Bs 83.27 55.67 5.86 4.71 Fetot=total iron content, (dg/g); CRF =crystallinity ratio, (pure
B/C N.A. N.A. N.A. N.A. number); N.A. =not analysed.
G N.AL N.A. N.AL NLA.
PS4 o N.A. NA. N.A. N.A. Scotti et al, 2017) and related to lake sediment records (Heiri
A 232 14.71 2.63 720 et al., 2014; llyashuk et al, 2011; Lauterbach et al, 2011; Ortu
BE P;.A: N‘A‘? NA N‘?‘ et al, 2008), the INTIMATE event stratigraphy (Rasmussen
o e B o o et al., 2014), the NGRIP 3'*0 (Walker et al, 2009, 2012), the
C NA. NA. NA. NA. biostratigraphic division (lversen, 1954) and the European pollen
PS5 0 N.A. NA. NA.  NA. zones (Iversen, 1954).
A 31.82 24.29 1.92 3.93 The oldest glacial phase (phase I) is dated between 16.7 and
E NLA. N.A. NL.A. N.A. 14.7 ka. It is recorded only in VV, in the eastern sector (P.zzo
Bs 54.73 35.19 2.35 8.33 Della Valle Glacier) of the Val Cantone, where a small
B/C N.A. N.A. N.A. NA. morainic ridge reached around 2700 m asl (Fig. 7). This phase
C NA. N.A. N.A. NA. may be chronologically referenced to the Gschnitz Il stadial
P36 o A, N.A. RLA. NA, (Burga, 1987), which is related to the end of the GS-2 event
? 24:23 ades £:08 320 of the INTIMATE stratigraphy (Rasmussen et al, 2014) and
N.A. N.A. N.A. N.A. 3 18
Bhs NA. NA. NA. NA. is also detectable on the NGRI'Ij '8 O records (Walker
Bs 54.89 16,65 286 289 et al., 2009, 2012). Phase I falls within pollen zone la of the
C NLA. NA. NA. NA. Oldest Dryas (lversen, 1954), a period with cool summer
ps7 o NA. N.A. N.A. N.A. temperatures that ends after 14.6 ka, when a rapid increase of
A 39.40 36.44 1.96 1.51 2-3°C in summer temperatures is recorded by lake sediment
E N.A. NA. NA. N.A. proxies (Heiri et al, 2014). Glaciological meodelling at the
Bs 48.74 38.90 3.18 3.09 Gschnitz-type locality shows a summer temperature lowering
B/C NLAL N.A. N.AL N.A.
G NLAL N.A. NLAL N.A.
ps8 g 5:'22 4':,’29 ;‘?5 Z.Ifg Table 5. Absolute ages (cal sr) and the most proximal soil profile
= i ; ! used for calibrating the relationship between iron content and soil
E 31.23 27.54 1.37 1.55 rofile age
Bhs NA. NA. NA  NA. P B+
Bs 92.09 61.50 5.36 5.71 Name Praofile 1D Ages cal bp
E N.A. N.A. N.A. N.A.
PV1 O N.A. N.A. N.A. N.A. TBGI PG2 8010-7029
A 149 64 49.40 843  11.89 RT1 PG3 5091-4990
E 53.55 38.35 299 3.40 TBS] PS1 7271-7125
Bs 89.69 28.86 5.71 10.66 Laghetto Alto PS2 11 137-10 852
¢ NA. NA. NA  NA Scotti et al. PVo 15 661-12 049
(Continued)

Copyright © 2020 John Wiley & Sons, Lid.
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s Figure 3. Curves relating CRF and soil age
using the CRF values for the A horizon (grey) and
1000 for B horizon (red) with relative confidence
0 2 4 6 3 10 12 intervals (dashed lines). [Color figure can be
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Figure 4. Comparison of Equation (1) (grey) and Equation (2) (red) with the curve from Maejima ef al., 2012 (blue). [Color figure can be viewed at

wileyonlinelibrary.com].
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Figure 5. Soil ages and possible glacial reconstruction in ST. B.N.G.: Braulio N Glacier, B.S.G.: Braulio S Glacier, S.N.G.: Scorluzzo N Glacier,
5.5.G.: Scorluzzo S Glacier, V.P.G.: Vedretta Piana - Platigliole Glacier. [Color figure can be viewed at wileyonlinelibrary.coml].
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Figure 6. Soil ages and possible glacial \
reconstruction in GV. M.G.V.: M. Gavia Glacier, 0 500
L.B.G.: Lago Bianco Glacier. [Color figure can be
viewed at wileyonlinelibrary.com].

of about 10°C relative to mean 20th century values
and precipitation reduced to 30% of present-day amounts
(Kerschner and Ivy-Ochs, 2007; Kerschner, 2009). This glacial
phase was also recognised by Burga (1987) for the VV area but
with a much larger extent. Indeed, according to Burga (1987,
the WV glacier front was around 1420 m asl during this time
period, which is almost 1300 m below the elevation of the
frontal moraine soil dated here. In other areas of the Central

0 500 1000 m
[

A Podzol
@ Absolute Ages
Glacial Boundaries
Il LA

VI
VI
‘ v
| 1

1000 m
L

and Eastern Alps (such as the Julier Pass and Ferwall), this
glacial advance was dated to 14.4 + 1.7 ka and 14.2 +1.2ka,
respectively (lvy-Ochs et al., 2006; Chenet et al., 2016).

The second glacial advance (phase Il) is dated to around
12.3ka, and it is detectable in all the three study areas. In ST
(Fig. 5), we reconstructed an asymmetrical deglaciation in the
three main catchments (Scorluzzo N; Scorluzzo 5; M. Braulio)
during phase Il. The Scorluzzo N glacier tongue reached the

A Soil Profile

Glacial Boundaries
v

Il 11

I

1

Figure 7. Soil ages and possible glacial reconstruction in VV. P.V.G.: P.zzo della Valle Glacier, P.Z.G.: P.zzo Zembrasca Glacier, P.N.G.: P. Val

Nera Glacier. [Color figure can be viewed at wileyonlinelibrary.com].
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valley bottom at 2340 m asl. The catchment of M. Braulio was
already split into separate north and south units with their
frontal moraines reaching 2500 m asl on M. Braulio N and
around 2520 m asl on M. Braulio S. The Scorluzzo S glacier
during phase Il probably reached an elevation similar to its
position during phase IV. In addition, during this episode
across the Stelvio Pass the Vedretta Piana-Platigliole glacier
flowed in this catchment reaching 2520 m asl. In the GV area
(Fig. 6), remarkably, the two glaciers (M. Gavia and Lago
Bianco) had a very different evolution despite their proximity
and similar elevation. During this phase, the M. Gavia glacier
left the GV bottom when its frontal moraine reached 2640 m
asl, although the Lago Bianco glacier was still at a lower
elevation. In VV (Fig. 7), the western sector of Val Cantone was
largely glaciated with a well-developed tongue that reached an
elevation of 2350 m asl near the confluence with the Val Viola
Valley. This phase has been referenced to the Egesen Il stadial
(Burga, 1987) in VV, with a similar extent; Burga (1987)
determined that the glacier front was around 2350 m asl, close
to the elevation of the soil dated for the present study. In the
Dosde Valley, Egesen Il moraines dated 12.2 £1.5ka (Scotti
et al., 2017) indicate that the glacier reached 2180 m asl
during the same period. In other sectors of the Central and
Eastern Alps (lvy-Ochs et al., 2006; Chenet et al., 2016; Moran
et al., 2016), the corresponding glacier advance was dated
12.6+1.1ka in Farwell, where a morainic ridge reached
2200m asl (lvy-Ochs et al., 2006; Chenet et al., 2016) and
11.7 £ 0.9 ka in Falgin cirque, when the glacier tongue was at
2460m asl (Chenet et al., 2016; Moran et al., 2016). This
phase may be associated with the second half of the Younger
Dryas (Balco et al.,, 2009) and the beginning of the Preboreal,
when rock glacier activity ended at lower altitudes within the
glacier-covered area (lvy-Ochs, 2009). This advance is typical
in pollen zone Il (lversen, 1954) when the temperature
remained low and dry conditions were common in most of the
Alps (Kerschner et al., 2000; Walker et al., 2009). A rapid
cooling in summer temperature of about 1.5-3 °C has been
reconstructed based on pollen, chironomids, and cladoceran
records around 12.7 ka (Heiri et al, 2014). The transition
between GS-1 and Holocene Il (Rasmussen et al., 2014} also
appears in the NGRIP 3'°0 records (Walker et al., 2009, 2012}
as a rapid shift in precipitation of 2-2.5%. (Lauterbach
et al., 2011).

The following event (phase Ill, around 11 ka) is only visible in
VV and ST. In ST (Fig. 5) phase Ill is detectable only in the M.
Braulio S catchment, where the glacier reached 2600m asl, i.e.
150 m higher than a thousand years earlier. After this fluctuation
on the M. Braulio catchment, there is no further evidence of
glacial advance. Meanwhile, in WV (Fig. 7), the western sector of
Val Cantone was characterised by the splitting of the glacier into
two separate bodies; the northem body (P.zo Zembrasca Glacier)
reached 2450 m asl, while the western (P. Val Nera Glacier)
reached 2670m asl. This phase may be chronologically
referenced to the Kartell stadial (lvy-Ochs et al, 2006). In the
Dosde Valley, despite the opposite aspect the frontal moraine of
the Dosdé glacier reached a similar elevation (2375 vs. 2384 m
asl), suggesting that the cosmogenic age of 11 £ 1.4 ka could be
more accurately referenced to the Egesen |l stadial rather than the
Kartell stadial reported in Scotti et al, (2017). This glacier
advance may be associated with the Preboreal Oscillation (lvy-
Ochs et al., 2006) in pollen zone IV (lversen, 1954), a period of
transition towards warming conditions (Heiri et al, 2014) in
which several glacial oscillations were documented with extents
larger than the LIA (lvy-Ochs et al., 2006; Heiri et al., 2014). This
glacial phase may be a result of the 11.4ka cold event
(Rasmussen et al., 2014), which is also visible in the NGRIP
3'%0 records (Walker et al., 2009, 2012).

Copyright © 2020 John Wiley & Sons, Lid.

The next glacial phase (phase 1V) is dated around 10 ka and
is detectable in ST and GV. This phase was the most extensive
for the Scorluzzo S in ST (Fig. 5), where a small tongue reached
the valley bottom at around 2230m asl. In contrast, the
Scorluzzo N glacier reached only 2460 m asl. In GV (Fig. 6), at
the same time, the Lago Bianco glacier reached the GV bottom
with a frontal moraine deposited at 2610 m a.s.l. This phase
may be associated with the Kromer Valley glacier advance
(Moran et al., 2016). In other areas of the Central Alps, like
Ferwall, this glacial phase was identified at 2220 m asl and
dated to 10.0+0.7ka (lvy-Ochs et al, 2006; Chenet
et al., 2016). This glacial advance is included in the Boreal
biostratigraphic division, pollen zone V (lversen, 1954). As for
glacial phase lll, temperature and precipitation variation are
considerably difficult to track in lake sediment records (Heiri
etal., 2014). This advance also does not have a straightforward
association with a climatic event, because the NGRIP §'%0
(Walker et al., 2009, 2012) shows no evidence of a cold event
before 9.3 ka (Rasmussen et al., 2014). The relatively short
duration of the phase, especially in ST, may suggest a rapid
response to a small climatic forcing like a small drop in
temperature around 10.1 ka visible in the NGRIP 3'*O (Walker
et al., 2009, 2012).

The glacier advance around 9 ka (phase V) is evident in ST
and VV, but the glaciers were smaller and terminated at higher
elevations relative to phase IV. In ST (Fig. 5), this phase
occurred in both the Scorluzzo S and Scorluzzo N glaciers; the
former reached 2340 m asl. The latter glacier split into two
main bodies, but only the frontal moraine of the western body
is preserved at 2490 m asl. The eastern body is not recorded in
the geomorphology because a subsequent phase erased the
evidence of phase V. During phase V, the transfluence of the
Vedretta Piana—Platigliole glacier also presumably continued
across the Stelvio Pass, although its deposits were erased
during phase V1. In VW (Fig. 7), this advance is evident in both
sectors with moraine ridges at 2480m asl on the P.zo
Zembrasca and at 2790m asl on the P. Val Nera. This is the
last detectable evidence of glaciation at P. Val Nera. This
phase does not have a synchronous event in any other region
of the Central and Eastern Alps. The phase is set between
the Boreal and the Atlantic divisions, in pollen zone VI
(lversen, 1954). This was a period of general warming with
some small fluctuations in temperature that are not evident in
lacustrine sediments (Heiri et al., 2014). Phase V may possibly
be a consequence of a cold event recorded in the INTIMATE
chronology at 9.3ka (Rasmussen et al., 2014) and also
detectable in the NGRIP 3'0 (Walker et al., 2009, 2012).

Subsequently, the continued trend of increasing tempera-
tures favoured glacial retreat (Leutscher et al., 2011). Glaciers
throughout the Alps were probably smaller than their present
extent (lvy-Ochs et al., 2009), at least before the first half of the
Middle Holocene (Walker et al., 2009, 2012).

Despite this regional trend of decreasing glacial extent, in ST
and GV we found morainic ridges that are dated around 7.5 ka
(phase VI). In ST (Fig. 5) this is the last detectable advance
before the LIA. Scorluzzo S glacier reached an elevation only
40 m higher than during the previous fluctuation. The western
side of the Scorluzzo N glacier reached 2620 m asl, and the
eastern side reached 2575 m asl. A synchronous event can be
detected in GV (Fig. 6), with the M. Gavia glacier reaching
2700 m asl, and the Lago Bianco glacier reaching 2620 m asl.
During the Atlantic division, pollen zone VII (lversen, 1954)
was the best-known and most relevant cold event in the
Holocene (8.2 ka event) (Rasmussen et al., 2014). This pollen
zone had temperature variations comparable to the Late-
glacial ones. This cold event is also detectable in the NGRIP
3'°0 (Walker et al.,, 2009, 2012) and may be responsible for
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Figure 8. Relationship between calculated glacial phases, literature glacial phases, the NGRIP 5180 (Walker ef al., 2009, 2012), INTIMATE event
chronology (Rasmussen et al., 2014), lake sediment proxies (Ostracods: Lauterbach ef al,, 2011; Chironomids: llyashuk ef al., 2011; Pollen: Ortu
ef al,, 2008), and European pollen zones and biostratigraphic division (lversen, 1954). [Color figure can be viewed at wileyonlinelibrary.com].

phase VI, especially considering that after 7.6ka the trend
shows a general cooling (Schimmelpfenning et al., 2012). The
pollen records from high Alpine lakes (Ortu et al., 2008) also
support this trend of cooling summer temperatures, with a
lowering of about 3 °C between 7.9 and 7 ka.

Finally, in GV (Fig. 6), a final glacial phase (phase VII) is
detectable around 5.3 ka. A further advance is visible up to
2770m asl within the M. Gavia catchment, 70 m higher than
the glacier’s extent during the previous phase. This last phase
may be associated with a small drop in temperature around
5.6ka in NGRIP 8'%O within a trend of general cooling
(Walker et al, 2009, 2012). Not far from the study area,
Calderoni et al. (1998) dated a permafrost aggradation phase
responsible for the formation of some rock glaciers at around
2650 m asl, which further supports a cold phase in this region.
Also, chironomid (llyashuk et al., 2011) and pollen records
(Ortu et al, 2008) from the Swiss Alps suggest a cooling
around 5.2ka that was probably accompanied by a rapid
glacier expansion; this is evidenced by the finding of a
mummified prehistoric man (the Neolithic lceman ‘Otzi’)
dated 5300-5050caler in the Otztaler Alps (Bonani
et al., 1994).

In ST (Fig. 5), evidence of the LIA is limited to the Scorluzzo
N. At this location, two frontal morainic ridges are present at
2690 and 2710 m asl, with the lower one datable to ap 1590
(Cannone et al, 2003). In this area, a small glacier was
documented until 1952 (Cannone et al., 2003). In GV (Fig. 6],
evidence of the LIA is present in both the M. Gavia and Lago
Bianco glaciers; these glaciers reached 2864 and 2807 m asl,
respectively, and date to around 1877 ap (Austro-Hungarian
Monarchy. Militargeographisches Institut, 1877; Pelfini, 1991).

The Egesen | phase is well-documented throughout the
Central and Eastern Alps (Burga, 1987; Ivy-Ochs et al., 2006;

Copyright @ 2020 John Wiley & Sons, Lid.

Hormes et al., 2008; Chenet et al., 2016; Moran et al., 2016;
Scotti et al., 2017). However, none of our three study sites
displays evidence of this phase (Fig. 8). It is possible that
successive phases erased the records of the Egesen | phase at
these locations. Alternatively, the difference in extension
between the two phases in these areas may have been
negligible. Moreover, sometimes the delineation of Egesen |
and Egesen Il stadial morainic ridges is supported by field-
based differences in stratigraphic position, even though the
ages are not statistically different (e.g. Ivy-Ochs et al., 2006).
Such differences were not detected in the present study.

CONCLUSIONS

The CRF calculated on both the A and Bs horizons has a good
relationship with absolute age, and the trends are consistent
with the results of previous studies (Arduino et al., 1984, 1986;
Maejima et al., 2002). Although Equation (1) and Equation (2)
can both be used date soil profiles in the study area, we
recommend caution when interpreting results from the A
horizon. Morphological or pedogenetic processes in the A
horizon may lead to errors in calculated age, as demonstrated
by the Fe,/Feq ratio in PS7 and PV2, and by the age differences
from PS5, P57 and PV2 when both equations are applied. It is
therefore preferable to use Equation (2), which was calibrated
for the Bs horizon, to date the soils.

The podzol development was very different in the three
study areas, despite their similar elevations.

The glacial advances after the LGM in ST and GV were
asynchronous; in both cases, the western part of each area was
deglaciated before its corresponding eastern part.
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Seven successive events have been identified between
16.7 ka and the 5.3 ka, with a chronological sequence similar
to other parts of the Central European Alps and with the few
previous studies in study area VV (Burga, 1987; Ivy-Ochs
et al., 2006; Hormes et al., 2008; Chenet et al., 2016; Moran
et al., 2016; Scotti et al., 2017). However, their extension was
very different; this is evidenced by the reduced glacier extent
in WV with respect to the previous reconstruction for the
Gschnitz I stadial.

It is also remarkable that in this sector of the Central Alps,
the glacial advances around 7.5ka and 5.3ka were more
extended than during the LIA. In contrast, other Alpine valleys
had smaller glaciers during these two time periods (Ivy-Ochs
et al., 2009).

Our data demonstrate the suitability of the CRF method for
dating soils and its potential for use in reconstructing glacial
phase boundaries from podzols at high elevations.
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4.2.SOIL MICROMORPHOLOGY AS TOOL FOR THE PAST PERMAFROST

RECONSTRUCTION AND PALEOCLIMATIC VARIATIONS
Longhi A.!, Trombino L.2, Guglielmin M.!"
! Department of Theoretical and Applied Sciences, Insubria University, Varese, Italy.
2 Department of Earth Sciences, University of Milan, Milan, Italy.

4.2.1. Abstract

Podzols developed on glacial and periglacial features provide the opportunity to reconstruct
permafrost past limits and related paleoclimatic variations using micromorphological analysis.
Analyzing 10 thin sections on 8 soils classified as Podzol in two study areas in the Central Italian
Alps (Stelvio Pass area and Val Cantone area), we have been able to find different microstructures or
pedofeatures (i.e., granular, platy, subangular blocky microstructures, silt cappings on coarse mineral
grains) induced by processes related to permafrost conditions like gelifluction and ice lenses
segregation. The type and the frequency of these micropedological traits allowed us to determine the
lowest limit of past permafrost at 2228m a.s.l. in Stelvio Pass area and 2347m a.s.l. in Val Cantone
area, respectively ca. 400 m and 330m lower than today.

Moreover, the analysis of precipitation and temperature derived from various proxy data allowed us
to identify four different phases of podzolization dated to: 13.5-11.5ka (I phase), 11-9.7ka (Il phase),
24 9.3-8ka (III phase), and 7.7-7.3ka (IV phase).

Reconstructed paleoprecipitation and paleotemperature of the four phases of podzolization also
allowed us to determine that in Val Cantone there were two different permafrost aggradation periods
that were synchronous to podzolization (11-9.7ka and 9.3-8ka) while in Stelvio Pass area one

additional permafrost aggradation period occurred at 7.7-7.3ka.

Keywords: Podzol; Soil Micromorphology; Permafrost; Holocene; Italian Alps
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4.2.2. Introduction

Soils need time for their development, and traces of the past effects of climate and vegetation cover
can persist through time (Antisari et al., 2018; Karmakar et al., 2016) in the so-called "soil memory"
(Targulian and Goryachkin, 2004). Recorded in “soil memory” are the in-situ interaction of so-called
flux-factors (climate and biota) with the site factors of the land surface-parent rocks, both
consolidated and unconsolidated, in each given geomorphic position during time. Such in-situ
exogenic atmo-hydro-bio-litho-interactions gradually transform the solid-phase substances of parent
material by weathering, leaching, aggregation, etc., and create some new substances which were
absent in parent material (Targulian and Goryachkin, 2004).

Among atmo-hydro interactions, the effects of frost action in permafrost can be observed at both the
macroscale and microscale (Szymanski et al., 2015). At the macroscale, for example, the sight of
cryoturbations (Ping et al., 1998), vertical orientation of rock fragments in soil profiles (Bockheim et
al., 2006), ice wedge pseudomorphs (Murton, 2013), or sand wedge casts (Murton et al., 2000)
suggests the presence of permafrost. The application of micromorphology on frost affected soils
started during the 1950s (for a complete review see Van Vliet-Lanoé and Fox, 2018). Today, the
relevance of a micromorphological approach to identify frost action is very well assessed and the
frost-related micropedological features cover the main aspects of the soil thin section description (i.e.
microstructure, groundmass, and pedofeatures) including: coatings and infillings of iron oxides clays
(e.g. Rellini et al., 2014; Szymanski et al., 2015), vertical orientation of grains and minerals (e.g.
Rellini et al., 2014; Szymanski et al., 2015), net planes (e.g. Rellini et al., 2014), dehydration cracks
(e.g. Bunting, 1983), frost cracked quartz (e.g. Egli et al., 2015), slightly humified organic matter
(e.g. Egli et al., 2015), normal nodules of iron and manganese (e.g. Szymanski et al., 2015), and
subhorizontal planes (e.g. Kovda et al., 2017). Moreover, the frost-related micropedological features
are very distinctive and persistent (e.g. Van Vliet-Lanoé and Fox, 2018) and are widely used as

indicators of relict frost related process, inactive for short- or long-time spans, in various
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environmental contexts (e.g., not an exhaustive list: Menzies and Maltman, 1992; Laafar et al, 1996;
Todisco and Bhiry, 2008; Kovda and Lebedeva, 2013; D’Amico et al., 2019). In addition, the frost
related micropedological features pinpoint the ice segregation phenomenon (Van Viiet-Lanoé and
Fox, 2018 and references therein) and, in terms of environmental reconstruction, support the presence
of frost activity in space (i.e. variable depth) and time (i.e. variable duration). Thus, the use of soil
micromorphology as a tool for past permafrost reconstructions cannot be constrained only to pure
cryogenic fabrics, but must also involve other micromorphological features related to environmental
changes (such as the spodic features in this study case), allowing for a more comprehensive
reconstruction of the complex pedogenic settings (e.g. Kovda et al., 2009; Egli et al., 2015; Sedov et
al.,2016; Sheinkman et al.,2016; Kovda et al., 2017; DiPietro et al., 2018) in which cryogenic fabrics
were/are developed.

Podzols occur mainly in cool humid climates (McKeague et al., 1983) under forest (Sheinkman et al.,
2016) or heath vegetation in medium textured to coarse material (Steila and Pond, 1989) or in
Subarctic Tundra and Polar Desert in permafrost conditions (Pitkaranta, 2009). Podzolization occurs
mainly in soils developed from acidic, highly leached, and, often, coarse-textured parent materials in
areas that remain under the influence of humid climate conditions and where forest or heath
vegetation supply enough organic matter to form organic horizons on the surface of mineral soils
(Musielok et al., 2021).

The study aims to use soil micromorphology to reconstruct the past permafrost distribution and
compare paleo-precipitation and temperature with permafrost distribution and podzolization

processes, to reconstruct the paleoclimate of the area during the Holocene.

4.2.3. Study Area

The study area is located in Upper Valtellina, Central Italian Alps. Within this sector of Valtellina,

our study sites are along 2 main valleys: the Stelvio area and the Val Cantone area. (Fig. 1)
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4.2.3.1. Stelvio Pass

This area (Fig. 2a) is located in the Braulio basin, a tributary of the Adda river, between 2208m a.s.1.
and 2647m a.s.l. The geological substratum is constituted by granitic and granodioritic orthogneiss
and biotitic paragneiss. The landscape of the valley was influenced by a complex glacial, paraglacial,
and periglacial history: roches moutonées, morainic ridges, rock glaciers, and protalus ramparts are
common, as well as gelifluction lobes and terracettes. Several deep gravitational slope deformations
and debris flows, as well as scree slopes, are common gravitational features.

Glaciers had completely disappeared from this part of the study area by 1952 (Guglielmin et al.,
2001).

Present day permafrost is identified above 2640m a.s.l. (Boeckli et al., 2012) while relict permafrost
is reported above 2100m a.s.l. (Guglielmin and Siletto, 2000).

The soils reported by Soil Map of Regione Lombardia at 1:250:000 (ERSAF, 1990) are mainly
Regosols, with some localized areas with Leptosols overlying the dolomite and limestones
outcroppings and along the ridges that bring to Mt. Scorluzzo, respectively

The mean annual air temperature in the area ranges between +1°C and -3°C (Cannone et al., 2007),

and the mean annual precipitation is about 1300 mm/year.
4.2.3.2. Val Cantone

The area (Fig. 2b) is a tributary valley to the Val Viola in the upper part of the Viola creek basin, a
tributary to the Adda river, and has an altitude between 2347m a.s.l. and 2564m a.s.l.

The Val Cantone shows a main direction N-S and intersects the Val Viola that is aligned accordingly
with the overthrust between the Campo Unit and the Grosina Unit due to its ENE-WSW direction.
The lower unit (Campo Unit) is characterized by paragneiss and micaschists with anfibolites and
orthogneiss intercalations, while the upper one (Grosina Unit) is mainly composed by orthogneiss,
migmatites, and higher grade-paragneiss. Some late Varisican intrusive granitic, granodioritic, and

dioritic bodies outcrop near Pizzo Bianco (Notapietro and De Capitani, 1985).
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There is clear evidence of the glacial, paraglacial, and periglacial history in this valley including
several morainic ridges and some subglacial features like fluted moraines and esker, which are present
along the Viola Valley, and common roches moutonneés with striae. Rock glaciers and protalus
ramparts as gelifluction/solifluction lobes, earth hummocks, and unsorted polygons are also present.
A large rock avalanche characterizes a part of the Viola Valley (Hormes et al., 2008) while debris
flows and scree slopes are widespread.

Present day permafrost is recognized above 2680m a.s.l. (Boeckli et al., 2012) while the whole area
was affected by relict permafrost (Guglie/min and Siletto, 2000).

The soils reported at scale 1:25000 are mainly Regosols with some higher elevation areas
characterized by Leptosols (ERSAF, 1990).

The mean annual air temperature is between 3°C and -4°C and the mean annual precipitation is 1097

mm/year with a maximum of 2020mm/year (Ceriani and Carelli, 2000).

4.2.4. Methods

4.2.4.1. Field Work

A total of 8 soil profiles were dug: 5 for Stelvio Pass area and 3 for Val Cantone area; podzols were
identified both in the current permafrost area (Boeckli et al., 2012) and in the relict permafrost area
(Guglielmin and Siletto, 2000), the number of profiles in the two study areas is proportional to their
extent. All soil profiles were already described in Longhi et al., (2020) through the C horizon. Here,
we reported only the site characteristics (coordinates, elevation, aspect, slope, vegetational coverage,
dominant vegetation, and stoniness).

Soils were then classified according to the World reference base for soil resources 2014: International
soil classification system for naming soils and creating legends for soil maps (F.4.0., 2014). Ten
micropedological undisturbed samples from selected horizons were collected in Kubiéna boxes. For
each described profile, one sample was collected at the transition between the B and A horizons or

the B and E horizons, with the exception of PS5 and PS8 profiles, where two samples were collected.
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4.2.4.2. Laboratory Work: Microscopic Analyses

Glass covered soil thin sections were prepared through impregnation with polystyrene.
Micromorphological study of these thin sections employed an optical petrographic microscope Leica
Laborlux 12pol (from 16x to 100x magnifications), equipped with an Olympus C4040 digital camera.
Micropedological observations were carried out in plane polarized light (PPL), crossed polarized light
(XPL), and oblique incident light (OIL). In thin sections descriptions, the terminology of Bullock et
al. (1985) and Stoops (2003) was mainly used; specific references are given each time a different
vocabulary is employed. Interpretation is mostly based on and Stoops et al. (2018).

4.2.4.3. Climatic Reconstruction and Soil Dating

The relative ages of soils, which were used to date podzolization and/or permafrost aggradation
phases, were calculated on the basis of CRF (Crystallinity Ratio of Free Iron Oxides), as stated in
Longhi et al., 2020.

For the supposed podzolization and/or permafrost aggradation phases, paleoprecipitation and
paleotemperatures have been reconstructed on the basis of different proxy data.

Precipitation reconstructions were based on the core analyzed by Finsinger and Tinner (2007) at
2143m a.s.l. in the Swiss Alps at Lac de Fully, the closest elevation possible to our sites (Fig. 1).
The mean air temperature was obtained from alpine lake cores (Furlanetto et al., 2018; Heiri et al.,
2014; Tab. 1) and then multiplied by a temperature gradient to obtain the temperature at the phase
elevation. The gradient was calculated from the air temperature between 2007 and 2017 at the closest
available weather stations: Cancano (1948m a.s.l.), Oga (2300m a.s.l.), and Vallaccia (2660m a.s.l.).
The same gradient (0.3°C/100 m) was also used in each phase to determine the elevation of the -2°C

1sotherm.

4.2.5. Results

4.2.5.1. Soil Description
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The main site characteristics and soil classification are synthesized in Table 2.

All the described soils are Podzols: 4 of them are Albic Podzols, 3 are Skeletic Podzols, and 1 is an
Entic Podzol.

The soil profiles were opened between 2228m (PS8 in Stelvio Pass area) and 2647m (PS7 in Stelvio
Pass area), but both study areas showed podzols up to at least 2800m. All the analyzed sites have
more than 60% herbaceous vegetational cover. Differently, PS6 showed mosses as the dominant
vegetation. All soils are not very developed and the solum (Soil Survey Staff, 2003) is always lower
than 56¢cm. The thinnest solum is in soil profile PV5 with only 25c¢m and the thickest in PS8 (56cm).
6 profiles (PS3, PS5, PS6, PS7, PS8, and PV1) display an E horizon.

Cryoturbation evidences have been identified in PS4 profile, at the transition between E and Bs
horizon, and in PS7 profile, at the transition between the Bs and the B/C horizon, both as undulations

or individual folds of relatively small amplitude (in the range of decimeters) (Vandenberghe, 2007).
4.2.5.2. Micromorphology

The described thin sections, pertaining to profiles of both the Stelvio Pass and Val Cantone areas,
shows several common traits including: 1) the high porosity and the various morphology of voids (i.e.
packing voids, channel, chambers, vughs, and planes, in decreasing occurrence order); ii) the nature
of the mineral coarse material (i.e. metamorphic rocks fragments, up to gravel size, together with
quartz grain and mica flakes, up to sand size); iii) the grain size and nature of the mineral fine material
(i.e. an admixture of clay and fine silt, brownish to reddish in colour, showing a weak to
undifferentiated b-fabric); and iv) the ubiquitarian presence of vegetal fragments (i.e. organs and
tissues) of different sizes. The other micromorphological descriptive criteria are regarded, they are
summarised in the qualitative Table 3 and described as follows.

In the Val Cantone area, the thin sections of the profiles PV4 and PV5 (both referring to the Bs
horizons) are very similar, above all as regards the groundmass, with a similar ¢/fSum ratio (2:3 to

1:1), the porphyric c/f related distribution, and the presence of polymorphic (De Coninck et al., 1974)
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fine organic material. Also, the granular microstructure (Fig 3a-1) is shared by the two thin sections,
even if in the PV4 profile a coarser level of aggregation (i.e. lenticular platy to subangular blocky -
Fig. 3a-2) is locally developed by the coalescence of granular (micro)aggregates. Finally, only very
few pedofeatures are present in form of silt capping, sometimes downturned (Van Viiet-Lanoé and
Fox, 2018) in PV5. On the contrary, the latter pedofeatures are more frequent in the PV1 thin section
(Fig 3a-3) which also show a coarser groundmass (c/fSum ratio 7:3) inducing a grain dominated
microstructure (from pellicular to bridged grain - Fig. 3a-4) and a secondary coarser level of
aggregation (subangular blocky); also in this case, polymorphic (De Coninck et al., 1974) fine organic
material is present.

For the Stelvio Pass area, seven thin sections pertaining to five profiles have been described; some of
the thin sections have been sampled at the boundary between different horizons. For this reason,
micromorphological characteristics are described according to the horizon type among different
profiles, instead of according to a single profile.

Eluvial E horizons have been sampled at the top of the PS3 and PS8-1 thin sections and in the whole
PS5-1 thin section. As expected, these thin sections lack of identifiable pedofeatures except for very
few reworked aggregates of soil material (i.e. pedorelicts - Brewer, 1964) in PS3; the organic fine
material is not identifiable, while mineral fine material is common; as regards of the microstructure,
spheroidal aggregates are not identifiable (except in PS5-1, which probably is an EA horizon), while
coarser subangular blocky peds and platy aggregates are present, the latter only in PS5-1 and PS8-1
(Fig. 3b-2).

Bh horizons have been sampled at the top of the PS6 and at the base of the PS8-1 thin sections: both
thin sections are dominated by granular to crumby aggregates and show a significant amount of coarse
material allowing the development of grain dominated c/f related distribution (as enaulic and
chitonic); the lack of identifiable pedofeatures is also a recurring aspect of the two thin sections,

together with the presence of polymorphic (De Coninck et al., 1974) fine organic material (Fig. 3b-
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2). Moreover, in PS8-1 also monomorphic (De Coninck et al., 1974) fine organic material is locally
present.

Bs horizons have been sampled at the base of the PS3 and PS6 thin sections and in the PS5-2, PS7
and PS8-2 thin sections. Spheroidal aggregates are present in all the profiles (except PS5) and coarse
lenticular to platy aggregates (Fig. 3b-3) have been identified in all profiles (except PS8, when they
become subangular). The ¢/f5Sum ratio is quite homogeneous in all profiles, ranging from 2:3 to 1:1
to 3:2; polymorphic (De Coninck et al., 1974) fine organic material is always present, while
monomorphic (De Coninck et al., 1974) fine organic material is locally (frequently in PS8 - Fig.3b-
4) present, except in PS3. Among the pedofeatures, silt cappings, sometimes downturned (Van Viiet-
Lanoé and Fox, 2018 - Fig. 3b-5) or fragmented (in PS3 and PS7 - Fig. 3b-6) have been described in

all profiles, and amorphous hypocoatings, are present except in PS3.

4.2.6. Discussion

4.2.6.1. Evidences of Cryogenic Processes

The granular microstructure is a micromorphological feature characteristic of the active layer and the
upper portion of permafrost (Van Viiet-Lanoé, 1998), while platy aggregates are associated with
freezing/thawing and the growth of ice lenses (Dumanski and St. Arnaud, 1966; Pawluk and Brewer,
1975; Mermut and St. Arnaud, 1981; Van Vliet-Lanoé, 1988, 1998; Fitzpatrick, 1993). Also, the
presence of subangular blocky aggregates is associated with freezing/thawing, but is formed by
reticulate ice due to severely obstructed soil water migration in the fine-grained sediments (Van Vliiet-
Lanoé, 1988, 1998; Fitzpatrick, 1993). The presence of silt cappings over coarse grains is
characteristic of the active layer and of the upper portion of permafrost (Van Viiet-Lanoé, 1998) as
these features suggest disaggregation and illuviation of coarse particles in response to freeze/thaw

cycles and percolation of seasonal melt-water (Scarciglia et al., 2003). The fact that the silt cappings
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are sometimes downturned may be the result of the traction exerted 228 by the growing ice lenses on
rigid fragments in a frost-susceptible matrix (Pissart, 1969).

In the Val Cantone area (Fig. 4), PV1 has the lowest elevation (2347m a.s.l.) and the greatest thickness
among the soils analyzed. This may be reflected in the more accentuate characterization of the
cryogenic features related to gelifluction in the lower horizon. PV5 also shows micromorphological
aspects in the Bs horizon at 2525m a.s.l. indicating gelifluction. PV4 instead is representative of a
time of ice lens formation at 2564m a.s.l. with the Bs horizon. Since the three profiles are in an area
where permafrost is absent according to Boeckli et al. (2012) and the permafrost related features are
all in the deep horizons, we can assume that permafrost was present sometime in the area at least
above 2347m a.s.l.. This finding confirms the limit of relict permafrost proposed by Guglielmin and
Siletto (2000) based on the distribution of relict rock glaciers and protalus ramparts.

In the Stelvio Pass area (Fig. 5), the upper part of every profile shows no significant features related
to permafrost condition, at least down to the Bs horizon. The soil profiles PS3, PS5, PS6, and PS7
show features related to ice lens formation at 2534m a.s.l., 2610m a.s.l., 2630m a.s.l., and 2647m
a.s.l., respectively. Soil profile PS8 interestingly shows evidence of a gelifluction period and of a time
of ice lens formation at the lower elevation (2228m a.s.l.). All the soil profiles are in an area where
permafrost is absent according to Boeckli et al. (2012) with the exception of PS6, but are within the
area with relict permafrost proposed by Guglielmin and Siletto (2000) which reached 2228m a.s.l. in
this area. Although PS6 may be less indicative of permafrost extent than the other soil profiles since
the micropedological features are present in the Bs and Bh horizon, the silt cappings are downturned,
and it lies in an area where permafrost exists in only very favourable conditions, we can assume its

relevance in the interpretation.
4.2.6.2. Podzol and Climatic Conditions

Podzolization occurs mainly in soils developed from highly leached and coarse-textured parent

materials in areas that remain under the influence of humid climate conditions and where forest or
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heath vegetation supply enough organic matter to form organic horizons on the surface of mineral
soils (Musielok et al., 2021). The soil map of the two areas 254 reports a wide distribution of Leptosols
and Regosols, so the occurrence of podzol could be explained in light of past pedogenesis events.
Indeed, field and micropedological features account for podzolization processes active in the area,
leaving clear evidences on studied soil profiles. Moreover, from the micromorphological point of
view, the podzolic traits show different aspects of the podzolization process, mainly dealing with the
presence of polymorphic and/or monomorphic fine organic material (De Coninck et al., 1974).
According to Van Ranst et al. (2018), polymorphic fine organic material is common in well-aerated
horizons, while monomorphic fine organic material is the most common form of organic material in
hydromorphic Podzols. The presence of monomorphic fine organic material (associated with
polymorphic material) has been recorded in PS5, PS6, PS7 and PS8 profiles. All the horizons (except
PS8 Bh) show monomorphic fine organic material and very few amorphous hypocoatings have been
described, which account for waterlogging phenomena. It is therefore possible to state that some of
the studied podzols developed in slight hydromorphic conditions could be related to the occurrence
of a permafrost table that normally acted as an impermeable layer.

Longhi et al. (2020) previously dated the analyzed soils as reported in Table 4 and it was possible to
identify 4 possible pedogenesis phases at around 13.5-11.5ka (I phase), 11-9.7ka (II phase), 9.3-8ka
(ITI phase), and 7.7-7.3ka (IV phase). It was possible to reconstruct the climate conditions and
determine if they were favourable for permafrost aggradation using the scheme proposed by Haeberli
and Burn (2002) (Fig. 6) and for podzolization following the climatic constraints proposed by
Lundstrém (2000) by re-analysing data from precipitation [lake sediments (Lauterbach et al., 2011;
Furlanetto et al., 2018), speleothem (Mangini, 2005), and lakes levels (Furlanetto et al., 2018)] and
temperature [INTIMATE event stratigraphy (Rasmussen et al., 2014), the NGRIP §'%0 in the
Greenland Ice Core (Walker et al., 2009; Walker et al., 2012), the §'%0 in speleotherms (Mangini,

2005), and lake sediments records (Heiri et al., 2014). It is crucial to understand if the presence of
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permafrost, possible in all hypothesized phases (Fig. 6), may be synchronous to the podzolization
(Lundstrom, 2000).

PS6, dated 7.5+0.2 ka (IV phase, Longhi et al., 2020), was under the glacier before its genesis (Tab.
4) so the permafrost must be syngenetic to the pedogenesis because successive climatic conditions,
including during the LIA, were not compatible with permafrost aggradation. It is therefore possible
to assume that during IV phase, podzolization and permafrost conditions were synchronous even if
following the scheme proposed by Haeberli and Burn (2002) permafrost was discontinuous.

PS7 and PV5, both attributed to III phase and dated 8.2+0.2ka and 9.1+0.8ka, respectively (Longhi
et al., 2020), were under their respective glaciers before the beginning of their formation (Tab. 4).
The permafrost aggradation in PVS5 can be reasonably synchronous to the podzolization because the
successive permafrost phase (IV) reached a lower limit of 2569m a.s.l compared to the 2525m a.s.1
of the soil. Differently, PS7 is located at 2647m a.s.l. and was potentially affected by permafrost
aggradation during both III and IV phases, although it may have been in exceptional condition and
under the timberline following the scheme proposed by Haeberli and Burn (2002).

PV4, PS3, and PS8, dated at 10.7+0.7ka, 9.7+0.5ka, and 10.3+0.6ka, respectively (Longhi et al.,
2020), and are attributed to II phase. These soil profiles were buried by the ice of their respective
glaciers before the pedogenesis so permafrost aggradation could not have taken place prior to their
formation (Tab. 4). Considering that the later phases of permafrost aggradation reached lower limits
of 2597m a.s.l. and 2569 m asl, these three profiles were reasonably synchronous to the II phase when
permafrost should have been continuous.

PV1 and PS5, dated at 12.5+1.0ka and 12+0.8ka, respectively (Longhi et al., 2020), were attributed
to I phase. It is impossible to say if PS5 was covered by the glacier before its formation, as the oldest
recognizable glacial phase in the area is 12.5ka (Longhi et al., 2020). Concerning PV1, some authors
(Burga, 1987) record that the area was covered by the glacier even in the Daun stadial (14.7 ka). Both

soil profiles are above the lower boundary of permafrost from the previous II phase, so it is not
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possible to determine if podzolization occurred in the same period of the permafrost aggradation,
even if the precipitation and temperature conditions allowed the permafrost to be continuous
following the scheme proposed by Haeberli and Burn (2002).

In summary, in Val Cantone, two different permafrost aggradation periods have been found at 11-
9.7ka, and 9.3-8ka, while in Stelvio Pass area, three different permafrost aggradation periods have

308 been found at 11-9.7ka, 9.3-8ka, and 7.-7.3ka.
4.2.7. Conclusions

Soil micromorphology has been proven as a good tool for past permafrost limit reconstruction. All
the profiles are in current non-permafrost areas, with the exception of PS6. We defined the lower
limit of Holocene permafrost in Stelvio Pass area at 2228m a.s.l. and in Val Cantone area at 2347m
a.s.l., agreeing with the limit of relict permafrost proposed by Guglielmin and Siletto (2000).

Four different podzolization phases have been dated in the study areas: 13.5-11.5ka (I phase), 11-
9.7ka (Il phase), 9.3-8ka (III phase), and 7.7-7.3ka (IV phase).

Analyzing precipitation and temperature conditions, glacial phases, and the lower boundary of
permafrost, it was possible to determine two different permafrost aggradation periods at 11-9.7ka and
9.3-8ka, synchronous to podzolization in Val Cantone. In Stelvio Pass area, instead, three different
permafrost aggradation periods synchronous to podzolization have been found at 11-9.7ka, 9.3-8ka,

and 7.7-7.3ka.
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4.2.10. Pictures and Tables

— Mumainie Ridge
Active Proralis Kampast
Telict Protalus Rasa e
— Aaive Rock Gluzier
- -~ Relier Rock Giacier

Lanver Buendary of Relict Permattost

— Morainic Ridge W i s . O
- Inuctive Rock Gk J
nactive Rock, Glacier T 2o e "R o e
A soi proc / " e
0 5300 1000 m
[

Figure 2: Modern permafrost distribution in Stelvio Pass area (a) and Val Cantone area (b) with APIM model (Boeckli
et al., 2012), Relict permafrost distribution (Guglielmin & Siletto,2000), main periglacial and glacial landforms and the

location of the profiles here analyzed (red triangles).
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Figure 3a: Val Cantone area more significant micromorphology pictures: 1 - Granular microstructure PV5 PPL 100x; 2
- Coarse subangular blocky ped, formed by coalescence of granules PV4 PPL 16x; 3 - Downturned silt capping PV1 PPL

16x; 4 - Chitogefuric c/f related distribution PV1 PPL 100x.
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Figure 3b: Stelvio Pass area more significant micromorphology pictures: 1 - Reworked rounded soil fragment PS3 40x;
2 - Lenticular microstructure PS8 PPL 40x; 3 - Lenticular microstructure PS5 XPL 16x; 4 - Coating of monomorphic
fine organic material PS8 PPL 100x; 5 - Downturned silt capping PS6 PPL 40x; 6 - Fragmented silt capping PS7 PPL

100x.
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Figure 4: Topographic profile and collocation of the profiles in Val Cantone area.
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Figure 5: Topographic profile and collocation of the profiles in Stelvio Pass area.
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Figure 6: Temperature and precipitation condition during 4 podzolization phases (red x) plotted in the diagram proposed

by Haeberli and Burn (2002). Plotted is also the P-T LIA condition calculated at the elevation of IV phase.

Core Site Elevation m a.s.l.) Distance (km) | Citation

Silvaplana Lake 1791 50 | Furlanetto et al., 2018

Schwarzsee ob Furlanetto et al., 2018; Heiri et al.,
Solden 2796 61 | 2014

Armentarga 2345 70,5 | Furlanetto et al., 2018

Oberer

Landschitzsee 2076 155 | Heiri et al., 2014

Rutor 2594 160 | Furlanetto et al., 2018

Table 1: Cores used as proxy for temperature reconstruction, their location and distance from analyzed area, and

rescpective citations.
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Soil Solu
Profi Elevation | Aspe | Slop | Vegetationa | Dominant Ston | Horizon Classifica | m
leID | X Y (m a.s.l.) ct(®) | e(®) | 1 Coverage Vegetation | iness | Sequence | tion (cm)
46.5 | 104 O-A-E- Skeletic
PS3 | 3280 | 3835 2534 274 3 100% Herbaceous 0% | Bs-B/C-C Podzol 35
46.5 | 10.3 O-A-E- Albic
PS5 | 3849 | 9837 2610 180 4 80% Herbaceous | 20% | Bs-B/C-C Podzol 45
46.5 | 104 O-A-E- Skeletic
PS6 263 | 2936 2630 250 1 75% Mosses 25% | Bhs-Bs-C Podzol 40
46.5 | 104 O-A-E- Albic
PS7 | 2733 | 2352 2647 301 0 70% Herbaceous | 30% | Bs-B/C-C Podzol 48
46.5 | 104 0O-A-E- Albic
PS8 | 2228 | 0879 2228 356 4 95% Herbaceous 5% Bhs-Bs-C Podzol 56
46.4 | 10.1 O-A-E- Albic
PV1 | 1917 | 5708 2347 126 0 60% Herbaceous | 40% Bs-C Podzol 48
46.4 | 10.1 0O-A-Bs- Skeletic
PV4 | 3666 | 5191 2564 160 4 90% Herbaceous | 10% B/C-C Podzol 45
46.4 | 10.1 0-A-Bs- Entic
PVS | 3594 | 5129 2525 141 3 90% Herbaceous | 10% B/C-C Podzol 25

Table 2: Site and soil description extracted from Table 1 in Longhi et al., 2020. The elevation is given in meters and

depth in centimeters.

PV1-Bs

PV4 -Bs

PVS5 -Bs

Microstructure
spheroidal other
aggregates aggregates

subangular
granules

blocky
crumbs

peds

platy

subangular
Granules

blocky

peds

not
Granules

identified

Groudmass

microstructure

c/f ratio
type
pellicular grain

7:3 (Spum)
bridged grain
granular 2:3 (Spum)
granular 1:1 (S5um)

c/f related

distribution

chitonic

chitogefuric

porphyric

porphyric

organic fine

material

polymorphic

polymorphic

polymorphic

Pedofeatures

reworked
silt amorphous

soil
cappings hypocoatings

material
few

not
(sometimes  not identified

identified
downturned)

not
very few not identified

identified
very few

not
(sometimes  not identified

identified
downturned)
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E(/Bs) top

PS3 -

(E/)Bs

base

PS5 -

EA(/Bs)

PS5 -

(EA)/Bs

PS6 -

Bh(/Bs)

top

PSé6 -

(Bh/)Bs

bottom

PS7 - Bs

PS8 -

E(/Bh) top

PS8 -

(E/)Bh

base

not

identified

granules

crumbs

granules

crumbs

not

identified

Granules

Granules

granules

crumbs

not

identified

granules

crumbs

subangular
blocky

peds

Platy

platy
subangular
blocky

peds

Platy

not

identified

platy

(locally)

Platy

subangular
blocky
peds

platy

(locally)

not

identified

subangular

blocky

lenticular

granular

lenticular

granular

granular

spongy

lenticular

subangular

blocky

crumby

3:7 (S5pm)

2:3 (Spum)

2:3 (Spum)

1:1 (Spm)

3:2 (S5um)

1:1 (S5pm)

1:1 (Spm)

1:1 (5pm)

2:3 (5um)

porphyric

porphyric

porphyric

porphyric

enaulic

porphyric

porphyric

porphyric

porphyric
chitonic

(locally)

not identified

polymorphic

not identified

polymorphic
partially

monomorphic

polymorphic

polymorphic
partially

monomorphic

polymorphic
partially

monomorphic

not identified

polymorphic
partially

monomorphic

not
not identified
identified

fragmented  not identified

not
not identified
identified

very few

(sometimes  very few
downturned)
not

not identified
identified

very few very few (on
(sometimes  rock

downturned) fragments)

very few (on
fragmented  rock

fragments)

not

not identified
identified
not

not identified
identified

very few

not

identified

not

identified

not

identified

not

identified

not

identified

not

identified

not

identified

not

identified
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PS8

- granules

(Bh/)Bs

crumbs

subangular

blocky

peds

crumby

porphyric
2:3 (S5um)  chitonic

(locally)

polymorphic

monomorphic

very few very few (on

not
(sometimes  rock

identified
downturned) fragments)

Table 3: Qualitative main micromorphological characteristics of Stelvio and Val Cantone.

Profile | Age Elevatio | Pha | Permafrost T/P conditions -2°C Glacier Elevation in the
ID (ka) n (m) se Presence (°C/mm) Elevation Previous Phase (m)
(m)

PV1 12.5+ 2347 | 1 Yes -9/525 2093 2700
1.0

PV4 10.7+ 2564 | 11 Yes -8/575 2112 2350
0.7

PV5 9.1+0 2525 | I | Yes -2/975 2597 2450
.8

PS3 9.7+0 2534 | I Yes -8/575 2112 2340
5

PS5 12.0+ 2610 | I Yes -9/525 2093 | N.A.
0.8

PS6 7.5+0 2630 | IV | Yes -2,4/1000 2569 2380
2

PS7 8.2+0 2647 | I | Yes -2/975 2597 2340
2

PS8 10.3+ 2228 | 11 Yes -8/575 2112 2228
0.6

Table 4: Profiles, elevation, and relative age (from Longhi et al., 2020). Podzolization phase attribution, temperature and

precipitation condition during that phase, elevation of the -2°C isotherm, and glacier elevation during the previous phase.
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Despite the ongoing development of cosmogenic techniques to reconstruct deglaciation and glacial advances,
these technigues are not always feasible for logistical and economic reasons.

In this study, we used Schmidt Hammer R-values (SH) and Crystallinity Ratio (CRF) indices of soils, together
with a limited number of absolute 1*C dates, to outline the glacial evolution of the Gavia Valley. The study area is
a sector of the Italian Central Alps with a glacial history that is poorly understood. Methodologically, we found
that SH can be successfully applied to Late Pleistocene surfaces younger than 15ka in this Alpine region. The SH
method generally underestimates the ages with respect to the CRF indices and the '*C dates. A total of 7 different
glacial phases were found in the study area: 14.7ka (I phase), 13.7ka (II phase), 12.2-11.8ka (Il phase),
10.2-9.7ka (IV phase), 7.5ka (V phase), 5.5ka (VI phase), 1.9ka (VII phase). These phases are generally
consistent with the literature; however, the Little Ice Age was surely less extended respect the other Holocene
advances (V and VI phase). This suggests that relatively short climatic variations during the Holocene were

locally important.

1. Introduction

Among the different techniques to reconstruct deglaciation and
subsequent glacial advances, cosmogenic dating has received the
greatest consideration (e.g., Chenet et al., 2016; Moran et al., 2016;
Wuthrich et al., 2018; Rolland et al., 2020). However, cosmogenic
techniques are not always feasible due to logistical and economic con-
straints. In this study, we consider the utility of alternative methods like
soil dating (e.g., Maejima et al., 2002) or the Schmidt Hammer R-values
(e.g., Matthews and Winkler, 2011). Indeed, the Crystallinity Ratio of
free iron oxides (hereafter abbreviated CRF) is a well-known age indi-
cator for soils developed on glacial and periglacial features (Arduino
et al., 1984; Maejima et al., 2002; Longhi et al., 2020). The Schmidt
Hammer R-value provides a metric of the rock weathering rate in order
to estimate the relative exposure age of bedrock surfaces (Matthews and
Shakesby, 1984; McCarroll, 1989; Goudie, 2006; Shakesby et al., 2006,
2008; Owen et al., 2007; Matthews and Owen, 2010; Matthews and
Winkler, 2011; Guglielmin et al., 2012).

In Central-Eastern Alps, the limit of the Last Glacial Maximum (LGM)
is placed between 21.1 and 19.1 ka (Ivy-Ochs et al., 2004; Ivy-Ochs,

* Corresponding author.
E-mail address: mauro.guglielmin@

1bria.it (M. Guglielmin).

https: //doi.org/10.1016/j.quaint.2020.08.045

2015), with more than 80% of the ice volume lost by 18 ka (Ivy-Ochs
et al., 2008; Ivy-Ochs, 2015; Wuthrich et al., 2018). A glacial re-advance
then occurred around 17 ka, followed by a stabilization at ca. 15.4 ka
(Ivy-Ochs et al., 2004; Ivy-Ochs, 2015; Wuthrich et al., 2018). Two other
glacial phases have been dated at 13.5-12ka (Kerschner et al.,, 2000;
Bohlert etal., 2011; Ivy-Ochs, 2015) and 11.3-10ka (Zoller et al., 1998;
Ivy-Ochs et al., 2006; Ivy-Ochs et al., 2004).

The last LGM culmination oceurred before 17ka in the Eastern Alps
(Favilli et al., 2008), while exposure rates of moraine boulders place the
LGM at around 24ka in the Maritime Alps (Federici et al., 2016). In the
Italian Central Alps, three more recent phases have been identified at
14.6 ka, 11 ka, and 9 ka (Longhi et al., 2020).

In the Gavia Pass area, four glacial phases have previously been
identified between the LGM and the Little Ice Age (LIA), dated at 12 ka,
10-9.7 ka, 7-7.5ka, and 5.5 ka, respectively. This suggests different
deglaciation patterns at Mt. Gavia Glacier versus Lake Bianco Glacier
(Longhi et al., 2020). Lithic industry in the Dosso Gavia area, at 2360 m
a.s.L Indicates that the Alpe Valley was glacier free, at least in the Boreal
division (Angelucci et al., 1992). Moreover, in the area close to Lake
Nero, there is evidence of more intense periglacial processes and
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expansion of natural meadows around 7ka (Ravazzi et al, 2004),

The objectives of this study are therefore: a) to reconstruct the glacial
evolution of the Gavia Pass area (Italian Central Alps) after the LGM
using Schmidt Hammer R-values and Crystallinity Ratio indices of soils,
and b) to compare the efficiency of the two dating methods.

2. Study area

The study area surrounds the Gavia Pass area in Upper Valtellina,
within the Italian Central Alps (Fig. 1).

The area is located in the Gavia basin, a tributary of Frodolfo Creek,
between 2500 m and 3000 m elevation.

Geologically, the area is characterized by orthogneiss, paragneiss,
and quartz-phyllites, mostly strongly retrogressed varieties of earlier
medium-grade paraschists (Dal Piaz et al., 1988). The valley bottom is
mainly rocky with elear evidence of glacial erosion, including roches
moutonnées with several ponds in between. The valley sides are mainly
covered by ablation till with several moraine ridges deposited by
different lateral glaciers. A few rock glaciers and many small periglacial
landforms, such as earth hummocks and gelifluction/solifluction lobes,
are also present.

The mean annual temperature is between +1 “C and —1.4 °C (Hij-
mans et al., 2005), and the mean annual precipitation is 1150 mm,/year.

3. Methods
3.1. Soil analysis

A total of five soil profiles were dug on top of moraine ridges and
classified according to the FAO classification (FAO, 2014).

Standard procedures were followed for the extraction of oxalate
(Schwertmann, 1964; McKeague and Day, 1966) and dithionite (Longhi
et al., 2020).

Two spoonfuls of 0.06 mm ground soil were pressured to create thin
pads and then analyzed with a SEM-EDX system to caleulate the total
iron content of each sample.

Quaternary International 558 (2020) 19-27

The crystallinity ratio (CRF) was calculated as CRF = % (Ardu-
ino et al,, 1984, 1986; Maejima et al., 2002).

The soil ages were calculated according the equation from Longhi
et al. (2020):

age = 3907*In(CRF) + 35082

Which generates soil ages from the CRF of the B horizon. This equation is
the best-fit regression between B-horizon CRF from several podzols and
their corresponding '*C (Longhi et al., 2020). The crystallinity ratio of
free iron oxides increases with the stage of soil development and has a
strong positive correlation with absolute age (Longhi et al., 2020). The
selection of a curve derived from the B horizon versus one calculated for
the A horizon is related to the possibility of new pedogenesis on the
analyzed podzol (Maejima et al., 2002), which could lead to an under-
estimation of the soil age.

3.2. Schmidt’s hammer

In this study, we used a Schmidt-Hammer type N with an impact
pressure of 2.207 Nm, which is particularly suited for hard rock
(Guglielmin et al., 2012).

In order to avoid potential errors associated with the method, several
precautions were taken.

First, we limited our analyses to paragneiss and micaschists. A pre-
liminary analysis was carried out to evaluate the possibility of
combining the results of paragneiss and micaschists splitting the stations
on each lithology in the same unit and comparing respective R-values.
Second, we selected large, flat, horizontal or sub-horizontal surfaces of
roches moutonnées, possibly characterized by low roughness, to ensure
a homogeneous weathering of erystals over the entire surface (Williams
and Robinson, 1983; Owen et al., 2007). Third, measurements were
taken in dry conditions during summer to avoid the effects of moisture
on the rocks (Sumner and Nel, 2002). Fourth, we intentionally avoided
lichen-covered surfaces (McCarroll, 1991). Given the homogeneity of
the chosen surfaces, we made 25 readings at each of the 157 roches
moutonnées stations, which Matthews and Owen (2010) consider

Fig. 1. Reference map of site location (map data: Google, Maxar Technologies): GV: Gavia Valley.
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statistically significant. Moreover, we considered the mean R-values of
the 5 highest measurements (Evans et al., 1999; Guglielmin et al., 2012)
as the minimal exposure age of each tested surface. Striae orientation on
roches moutonnées was also recorded in order to better reconstruct the
glacial flow directions.

The availability of four absolute ages (Geoportale Regione Lombar-
dia, 1975-2000; Longhi et al., 2020) allowed to convert the relative R
values into calibrated ages (Matthews and Owen, 2010; Guglielmin
etal, 2012) and generate a regional calibration curve.

Using the '“C ages, the CRF soil ages, the exposure ages calculated
with Schmidt's Hammer R-values, and the geomorphological evidence
of glaciation (ie, the moraine ridges and the striae on the roche
moutonneées), different phases of the deglaciation were reconstructed in
QGIS 3.16. Recent and modern limits of the glaciers were obtained from
the Historical Map of Arrigoni (1840), the Comitato Glaciologico Ital-
iano Bulletin (1952, 1955, 1983, 1985), and from orthophotos (1975,
2000, 2015) provided by Geoportale Regione Lombardia.

3.3. Absolute ages for Schmidt’s hammer calibration

Three 'C ages and one historical age were used for the calibration of
SH R-values. The first age corresponds to the base of Core RT, drilled ina
reliet pond dammed by a morainic ridge (Longhi et al., 2020) close to
site MGV108 (Unit 4a); this therefore represents its minimal exposure
age. After searching for macroremains of terrestrial plants, we found just
a single fragment of leaf of Kalmia procumbens, which was insufficient
material for dating. The age was consequently obtained from bulk
sediment including the leaf fragment. The second age corresponds to a
paleosol buried in front of a rock glacier located at the base of Corno dei
Tre Signori, in the Lake Bianco catchment, and represents the minimal
exposure age of Site MGV87 (Unit 2 b). The third '*C age corresponds to
the base of Core TBG1 (Longhi et al., 2020) and represents the minimal
exposure age of MGV161 (Unit 5 b). At this site, we found the macro-
remains of a Kalmia procumbens leaf and a fragment of Plantago alpina.
The material was insufficient for dating, so radiocarbon dating was
performed on the bulk sediment including the plant fragments. The bulk
sediment may have an offset from the true age of deposition (Bertrand
et al., 2012) related to the mean residence time of organic matter in
soils. Comparison of the '“C ages with the ages obtained via SHR cali-
bration may therefore elucidate the accuracy of bulk-sediment '“C
dating.

The historical ages were calculated from overlaying the orthophotos
(2000 and 1975, provided by Geoportale Regione Lombardia); this
constrain the minimal exposure age of MGV110 (Unit 1a).

4. Results
4.1. Soil description and characteristics

The described soils are Podzols: three of them are Skeletic Podzols
while two are Entic Podzols.

None of these were well-developed; the thickness of the A + B ho-
rizons ranges between 27 cm (PG6) and 48 cm (PG8). They are also quite
coarse (silt + clay <8%) and acidic (pH ranges between 3.64 in PG5-A
and 4.65 in PG4-Bs). The CRF content of the soil profiles ranges be-
tween 8.61 in PG5 and 21.68 in PGB8, corresponding to ages between
11591 and 15809 cal BP (Table 1) based on the B-horizon calibration
curves proposed by Longhi et al. (2020).

4.2, Schmidt-Hammer measurements

A total of 157 stations were analyzed, with the results subdivided
into 11 units, as shown in Table 2. The stations were chosen only on
roches moutonnées and clustered in different geomorphologic units;
each unit contained between 2 and 74 stations (Table 2). The geo-
morphologic units were identified based on the flow directions indicated

21
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Table 1
Ages (years Cal BP) calculated from CRF (pure number) according to
Longhi et al. (2020) for B horizon of the soils.

Profile CRF Ages

PG4 9.49 12035
PG5 8.61 11591
PG6 217 11879
PG7 9.90 12230
PG8 21.68 15809

by the roches moutonnees and the stiiae, as well as from the geometry of
the surrounding moraine ridges.

To test the difference in weathering between paragneiss and micas-
chists in this area, we further examined Unit 7 b, where both lithologies
were present in nearly the same percentage. We calculated R25 and its
standard deviation on the 30 stations of micaschists and on the 34 sta-
tions of paragneiss. Micaschists showed an R25 of 40.83 + 1.41 while
the paragneiss samples had R25 = 40.91 + 1.75. This result indicates
that even if the rocks are differently classified on the geologic map based
on mineralogical composition, they have the same weathering rate.
Therefore, measurements from both lithologies can be correctly used
jointly in the study area.

Ula displayed the highest R values calculated with both methods
(R25 = 74.45 + 0.49; R5 = 77.85 + 0.49), while the lowest values were
found in U11 (R25 = 25.54 + 0.48 R5 = 31.97 + 1.61). For the other
units, the R25 and R5 gave different values but with the same hierar-
chical order. Generally, R25 also displayed a lower standard deviation
than the R5 measurements; two exceptions are USb (standard deviation
of R25 greater than standard deviation of R5) and Ula (identical stan-
dard deviations for R5 and R25; Fig. 2).

4.3. Schmidt-Hammer calibration

Four calibration curves were generated using the R25 and R5 values
from the single station closest to the site of the '*C-dated samples (Fig. 3,
dashed) and with the mean R25 and R5 values for all stations within in
the unit containing the '*C sample site (Fig. 3, thick). All calibration
curves display very high R? (>0.95). For each calibration curve, the
confidence interval was calculated by applying a linear regression be-
tween the maximum and minimum of the R-value (R + Std. Dv.) and the
maximum and minimum of the '*C ages.

Among the calibration eurves, the best performance is achieved with
the mean R25 values of the unit containing the 'C sample (equation 3)
because the confidence interval is smaller and the R? is highest. This is
consistent with the literature, as Shakesby et al. (2006) suggested uti-
lizing a large number of sites and measurements to reduce the error in
predicted age. The uncertainty associated with this curve (Table 3)
ranges between + 64 years in Unit 1a and +688 years in Unit 5 b,
inereasing as the dated surfaces get older. Compared with other studies
(e.g., Shaleesby et al., 2006), the errors generated in our study are lower,
especially on young surfaces.

4.4. Units exposure age

Using the calibration curve (equation 3), each unit was dated. The
results, along with the sample locations, are displayed in Fig. 4.

The most recent exposure age is 1980, obtained for Unit 1a, in the
Mt. Gavia Glacier area around 3000 m a.s.l. The oldest exposure age is
15,029 years CalBP obtained for Unit 11, at the confluence of the Dosegil
Valley with the Gavia Valley around 2480 m a.s.l. However, Unit 10 has
a younger exposure age (14,739 years CalBP) than Unit 11 despite Unit
10's lower elevation of 2250 m a.s.1.
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Table 2
R25 and R5 values with their standard deviations in each geomorphological unit.
D Number of Station Mean R. Value (R25) Std. Dv. (R25) Top 5 (R5) Std. Dv. (RS)
1a 2 74.45 0.49 77.85 0.49
2b 2 68.28 0.11 72.25 0.21
3a 5 56.32 0.75 60.02 1.29
4a 10 52.68 1.94 59.04 2.15
5b 5 50.98 0.39 57.83 0.22
6b 4 45.57 0.91 53.15 3.50
7b 74 39.03 1.61 47.83 2.24
8a 6 36.25 2.56 42,65 2.70
9 40 29.61 102 3542 2.95
10 2 26.48 0.06 32.80 0.42
11 7 25.54 0.48 31.97 1.61
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Fig. 2. Box and whisker plots with R25 values (a) and R5 values (b), red line indicates the mean value for each geomorphological unit.
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Fig. 3. Calibration curves achieved with R25 (dashed blue-1) and R5 (dashed red-2) values from the sample collected nearest to the Mo sample collection site, and
with R25 (thick blue-3) and R5 (thick red-4) values of the geomoiphological unit containing the age site, with relative confidence interval.

Table 3

Error associated (years Cal BP) with calibration curve (3).'*C ages are expressed
as the mean in years Cal BP with the error associated.

Unit ID e Age Overall Error
la 1987 AD =12 +64

2b 1932 + 70 +228

4a 5040 = 120 +446

5b 7520 = 590 +638

4.5. Comparison between Schmidt’s hammer and CRF dating methods

In five cases, it was possible to relate the geomorphological units to
different dated soils. Soils PG1, PG2, and PG3 are from Longhi et al.
(2020), while PG4 and PG8 were collected for this study (Table 4).

The mean ages obtained with CRF are generally older than those
obtained with SH, except for PG3/Unit 3a, where both methods

produced nearly the same age. The age obtained with CRF represents the
minimum age of the morainic ridges weathered to soil. Considering that
morainic ridges are deposited when the glacier is advancing and the
roches moutonnées are still covered by ice, it is reasonable to obtain
younger exposure ages with SH.

14C ages, where available, are closer to the ages obtained with CRF
than those caleulated with SH. The '4C ages represent the minimum age
of the moraine ridges that dammed the ponds and, therefore, it is
reasonable to assume that the ponds started to form when the roches
moutonnées were still covered by ice.

The small difference between 'C, CRF ages, and SH ages provides
evidence that, despite the issues commonly associated with radiocarbon
dating of bulk sediment (see Section 2.3), it is reasonable to conclude
that the mean residence time of organic matter in soils is negligible for
this study area. This is consistent with the findings of Grimm et al.
(2009).

Fig. 4. Location of geomorphological units
(Unit ID), striation (black arrows), podzol
pits (black triangle from Longhi et al., 2020;
red triangle: this paper), and absolute ages
(maroon rhombus); (map data: Google,
Maxar Technologies). The number of the
units is progressive from the younger (1a) to
the oldest (11). Unit 11 corresponds to the
Dosegl Glacier, whereas Units 10 and 9
correspond to the Gavia Glacier. At Unit 8,
the two glacial apparata are a) Mount Gavia
and b) Lake Bianco.
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Table 4
Comparison between mean ages calculated with CRF (Longhi et al., 2020), SH,
and'C (Longhi et al.,, 2020) for comparable soil samples.

Soil ID Unit ID CFRF Age SH Age b+ Age
PG1 Unit 6 b 10230 8844 -

PG2 Unit 5 b 7459 7173 7520
PG3 Unit 3a 5490 5525 5040
PG4 Unit 8a 12035 11723 -

PG8 Unit 11 15809 15029 -

5. Discussion
5.1. Comparing the SH data with other study sites

Schmidt's hammer has been used in many other studies to recon-
struct exposure ages (e.g., Shakesby et al., 2006; Matthews and Owen,
2010; Matthews and Winller, 2011; Guglielmin et al., 2012). Comparing
our curves (Fig. 5) with curves for a similar type of gneiss from the
Jotunheimen and Jostedalen regions of Southern Norway (Matthews
and Owen, 2010) indicates that the two sites display a similar angular
coefficient but a higher intercept. The result is that the Gavia Valley
calibration curve produces ages ca. 2ky older than those for Jostedalen.

Although rock properties (e.g., different mineralogy or structure)
could cause the differences in R-value, we believe that the climate
conditions should also be relevant for defining the weathering rates. In
the Gavia Valley, the mean annual temperature ranges between +1 °C
and —1.4 *C (Hijmans et al., 2005), and the mean annual precipitation is
1150 mm/year; in Jostedalen, the mean annual temperature and pre-
cipitation are 3.7 °C and 1380 mmy/year, respectively (Matthews and
Owen, 2010). Therefore, it is reasonable to assume a higher weathering
rate in Norway due to its higher temperature and precipitation.

Weathering rates calculated via an R-value tend to be lower than
those calculated via '*C, particularly for samples older than 5000 cal BP
(e.g., White et al., 1998). In our dataset, as shown in Fig. 6, the
non-linear curve lies within the confidence interval of the linear rela-
tionship (Eq. 3). This indicates that, despite a slight decrease in caleu-
lated weathering rate over time, weathering rates calculated using
Schmidt's hammer are still within the error of rates obtained by '*C
dating.

5.2, The glacial history of the Gavia Pass area and glacier fluctuations in
the alps

A total of 7 different glacial phases were found in the area and dated:

12000 . . ; ;

1000 y=-291.17x+19617 y=347.83x+22987 y=-308,79x+22916
] -

K000 -

6000 -

Ages (Years CalliP)

4000
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14.7ka (I phase), 13.7ka (II phase), 12.2-10.8ka (III phase), 10.2-9.7ka
(IV phase), 7.5ka (V phase), 5.5ka (VI phase), 1.9ka (VII phase). Un-
fortunately, the Little Ice Age was not datable using either method, so we
here report the position of the glacier during historical periods (1840
AD, 1927 AD, 1952-55 AD, 1988 AD, and 2015 AD) (Fig. 7a-b).

Earlier than 14.7ka (I phase), the Lake Bianco and Mount Gavia
glaciers were joined in a single glacier tongue that flew on the valley
bottom at least until the confluence with the Alpe Valley (Unit 10). At
that time, the Dosegii Glacier (Unit 11) was already detached from the
Gavia Glacier. The position of the terminal moraine of the Dosegi
Glacier where the PG8 Podzol was dated therefore may correspond to
the Gschnitz II stadial (Burga, 1957). This was also related to the end of
the GS-2 event in the INTIMATE stratigraphy (Rasmussen etal, 2014) at
the end of the Oldest Dryas division (lversen, 1954).

Around 13.7ka (I phase), during event GI-1d of the INTIMATE
stratigraphy (Rasmussen et al., 201 4), when the air temperature cooled,
the Gavia Glacier tongue was at around 2380 m a.s.l. (Unit 9). After-
ward, enhanced glacier retreat oceurred for more than one thousand
years, especially on the valley’s eastward slope. Then, around 12.3-12.2
ka, Mt. Gavia Glacier advanced on the eastward slope (phase III) to an
elevation of 2640 m a.sl. (Longhi et al., 2020). This glacial phase is
therefore referable to the Egesen Il stadial (Burga, 1957). This advance is
typical for pollen zone III of Youngest Dryas (lversen, 1954), when the
temperature remained low and dry conditions were common in most of
the Alps (Kerschner et al., 2000; Walker et al., 2009). At the same time,
the westward slope of Lake Bianco was still glaciated, and the Gavia Pass
was covered by ice that flowed towards the southwest.

It is also relevant that striae with a trend of 250° (indicating a glacier
flowing from Lake Bianco to Gavia Pass), cut another set of striae
trending 43° close to the Gavia Pass. This suggests glacial flow from
Camonica Valley to Gavia Valley sometime before 10.8 ka.

After that, a more widespread deglaciation occurred until at least
10.2 ka. Lake sediment records from Heiri et al. (2014) indicate a rapid
warming event of about 1.5-4 °C during this period. Between 10.2 and
9.7 ka, Lake Bianco Glacier advanced (IV phase) and almost reached the
lake with a frontal moraine, dated 10.2 ka at 2610 m a.s.l. and referable
the Kromer Valley Glacier advance (Moran et al., 2016; Longhi et al.,
2020). In contrast, Mt. Gavia Glacier did not advance during this period.

Both Lake Bianco and Mt. Gavia glaciers advanced synchronously (V
phase; Unit- 5 b and 4a) around 7.5ka, although the maximum extent
varied. While Lake Bianco Glacier reached 2620 m a.s.l. comparable to
its limit during the previous phase, Mt. Gavia Glacier reached only 2700
m a.s.l. This phase could be related to the 8.2 ka cold event identified in
the NGRIP & '°0 dataset (Walker et al., 2009, 20] 2). Alternatively, V

R-Values

Fig. 5. Different calibration curves for converting R values to age: blue — this study; grey — Matthews and Owen (2010), Jostedalen; orange — Matthews and Owen

(2010), Jotunheimen.
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Fig. 6. Non-linear regression (blue line) between R25 values (calculated as the mean of each unit) and ages with confidence interval of (equation 3).

a) M. Gavia

3200

3000

2800

2600

Flevation (m w.51.)

2300

b)

H_ Tre Sigrori
3200

Elevation (m a.5.1.)

ta
£
=

2200

L. Bianco R. Berni

5257k

EIEI R 66-13ks 111152k [EXREETY [ENExT

1986 4D 1#40AD

Ages

L Bianco R. Berni

'
'
'

L3 CORMETION [EEE TR [[ESE™ [ERREX=Y T-15 Ak

83AD ks

Ages
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maps (Arrigoni, 1840, and Comitato Glacologico Italiano, 1961), and using the orthophotos of Regione Lombardia (1975-2000-2015).

phase could correspond to the ~3 °C cooling of summer temperatures
between 9 and 7 ka (Ortu et al., 2008), which is supported by pollen
analyses in the South Italian Alps and by the general cooling trend in the

Alps after 7.6ka (Schimmelpfenning et al., 2012). In the same period,
there is evidence of declining P. cembra forests, an intensification of
periglacial processes, and an expansion of natural meadows in the Lake
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Nero region (Ravazzi et al., 2004),

Subsequently, the glaciers shrank dramatically in response to the
strong inerease in summer temperatures between 7ka and 6.7ka (2 “C).
This is independently supported by pollen analyses from the South
Italian Alps (Ortu et al., 2008).

Around 5.5ka, there is evidence of a Mt. Gavia Glacier advance (VI
phase) which reached 2770 m a.s.L. (Unit 3a). Not far from the study
area, Calderoni et al. (1998) dated a period of permafrost aggradation
responsible of the formation of some rock glaciers around 2650 m a.s.l.
which indicates a cold phase in this region. Moreover, lake sediment
records (Ortu et al., 2008; llyashuk et al., 2011) suggest a cooling event
around 5.2ka. This event likely induced a rapid expansion of the glacier,
which is supported by the finding of a mummified prehistoric man in the
Otztaler Alps (the Neolithic Iceman ‘Otzi’) dated at 5300-5050 Cal BP
(Bonani et al., 1994).

Moreover, Lake Bianco Glacier experienced a limited Holocene
advance to 2790 m a.s.l. (VII phase) around 1.9ka.

The Little Ice Age is not datable with our methods because there are
not bedrock suifaces available within the moraine ridges for either the
Mt. Gavia or Lake Bianco glaciers. Historically, Arrigoni (1840) reported
the front of the former glacier at 2920 m a.s.l during the Little Ice Age.
The latter glacier reached a lower elevation of 2800 m a.s.l. confirming
the asymmetric behaviour of glaciers in the two valleys.

This variable evolution of the two glaciers during the Holocene is
probably related to the morphology of the catchments (i.e., smaller area
and steeper slopes for Mt. Gavia Glacier).

More favorable conditions within the Lake Bianco catchment were
also confirmed between the LIA and the last advance recorded in 1985
AD, when Lake Bianco Glacier reached 2845 m a.s.l. Indeed, based on
historical records, Lake Bianco Glacier retreated from 1840 until
1970-83, reaching 2880 m a.s.l. In 1955. The Mt. Gavia Glacier front
was 100 m higher (2980 m a.s.l.) during the same year.

It is peculiar that Lake Bianco Glacier was declared extinct in 1985,
while Mt. Gavia Glacier was reported to reach 3005 m a.sl. In 2015.
Glacial evolution over the last 30 years is mainly related to the different
degree of debris coverage on the two glaciers. The thicker and more
continuous debris cover of Lake Bianco Glacier allowed the conservation
of more glacier ice, whereas the less extensive debris cover of Mt. Gavia
Glacier preserved only a minimal volume of white glacier ice in 2015.

6. Conclusion

The calibration curve produced in this study suggests that SH is a
reasonable method of reconstructing exposure ages and glacial history.
However, the SH calibration curve is not universal, as shown by a
comparison of calibration curves for similar lithologies in Norway and
the Mt. Gavia region; the local variation in calibration parameters may
be due to site-specific temperature and precipitation.

Our results support the use of SH as an efficient method for dating
glacially polished bedrock of Late Pleistocene age until 15 ka in the Mt.
Gavia region. However, the SH method generally underestimated the
ages when compared to the CRF index of soils and the available *C
dates. This is reasonable because the bedrock samples examined in this
study were covered by the glaciers more recently than the soils, which
developed on the swrounding lateral or frontal moraine ridges.

A total of 7 different glacial phases were identified and dated for the
Mt. Gavia study area: 14.7ka (I phase), 13.7ka (II phase), 12.2-11.8ka
(I phase), 10.2-9.7ka (IV phase), 7.5ka (V phase), 5.5ka (VI phase),
1.9ka (VII phase). These phases are generally consistent with the liter-
ature (Burga, 1987; Ivy-Ochs et al., 2006; Ivy-Ochs et al., 2004; Longhi
et al., 2020). However, a key finding of this study is that the Little Ice
Age was surely less extended compared to the Holocene advances. This
illustrates the importance of considering relatively short climatic vari-
ations when interpreting local Holocene glacial records.

Finally, we recommend further investigation of the occurrence of a
different direction of transfluence on Gavia Pass before the Youngest
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4.4 THE GLACIAL HISTORY SINCE THE LAST GLACIAL MAXIMUM IN
THE FORNI VALLEY (ITALTAN CENTRAL ALPS). RECONSTRUCTION
BASED ON SCHMIDT’S HAMMER R-VALUES AND CRYSTALLINITY

RATIO INDICES OF SOILS.
Longhi A." and Guglielmin M.""
! Department of Theoretical and Applied Sciences, Insubria University, Varese, Italy.

4.4.1. Abstract

Knowledge about deglaciation after the Last Glacial Maximum (LGM) in the mountain areas of the
European Alps is still limited. In this study, we used Schmidt Hammer R-values (SH) and
Crystallinity Ratio (CRF) indices of soils, together with historical data, to outline the glacial evolution
of the Forni Glacier the biggest Italian glacier until some years ago, from the LGM to the present.
The study area is in the Italian Central Alps, which has a well-known history after the LIA but many
gaps before. By comparing results from the Forni Glacier and nearby Gavia Pass, we found that
weathering rates may differ for the same lithology; therefore, SH requires a local calibration curve.
A total of 6 different glacial phases were found in the study area before the LIA: 15ka (I phase),
12.2ka (IT phase), 9.5ka (III phase), 4.1ka (IV phase), 3.2ka (V phase), and 1.5ka (VI phase).
Comparisons with the Gavia Pass area and with a similar glacier on the northern side of the Alps
(Triftjegletscher) indicate that catchment morphology was more important than proximity for
controlling Holocene glacial evolution. It was possible to identify the maximum of the LIA expansion

in 1810 AD.

Keywords: Glacial evolution, Schmidt Hammer, Crystallinity Ratio Index, Late Pleistocene,

Holocene, Central Italian Alps
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4.4.2. Introduction

The last glacial maximum (LGM) is set in the European Alps to be spanning from 26.5 to 20 ka (Clark
et al., 2009) and represents the last large dominating cold period (Visnjevic et al., 2020). Between
18.1 and 16.9ka a tripartite cold period resulted in a major Alpine glacier advance (Schmidt et al.,
2012) and a second shorter and less pronounced cold phase brought another glacier advance around
16.4-16ka (Schmidt et al., 2012).

During the Holocene glaciers throughout the European Alps lost large parts of their mass, following
the transition from the Younger Dryas to the Early Holocene (e.g. Ivy-Ochs et al. 2009) and evidence
of small-scale Holocene advances was overprinted in many Alpine glacier forefields during the Little
Ice Age (Boxleitner et al., 2019).

In the Italian Alps, the last LGM culmination occurred before 17 ka in the Eastern Alps (Favilli et al.,
2008), while moraine boulder exposure rates place the LGM at approximately 24 ka in the Maritime
Alps (Federici et al., 2016). In the Central Italian Alps, three more recent phases have been identified
at 14.6 ka, 11 ka, and 9 ka (Longhi et al., 2020). In the Gavia Pass area, which is not so far from the
Forni Glacier, a total of 7 different glacial phases were identified and dated at 14.7 ka, 13.7 ka, 12.2-
11.8 ka, 10.2-9.7 ka, 7.5 ka, 5.5 ka, and 1.9 ka (Longhi and Guglielmin, 2020).

The Forni Glacier was the largest Italian valley glacier until its recent shrinkage (Smiraglia, 1989).
Consequently, recent fluctuations are well-documented by its moraine apparatus, with post-LIA
advances evident in 1904 AD, 1926 AD, and 1981 AD. This glacier has been the subject of numerous
papers addressing its energy balance (Fugazza et al., 2016; Senese et al., 2016), post -LIA dynamics
(Pelfini and Santilli, 2006; Garavaglia et al., 2010), and cryoconite ecosystems (Pittino et al., 2018;
Franzetti et al, 2020). Despite the great knowledge and interest dedicated to the glacier’s recent
history, almost nothing is known about pre-LIA events due to a significant expansion during the LIA

that destroyed the evidence of smaller Holocene advances.
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Cosmogenic dating techniques are not always feasible due to logistical and economic constraints,
although they have received great consideration in the reconstruction of deglaciation and subsequent
glacial advances (e.g., Chenet et al., 2016; Moran et al., 2016; Wuthrich et al., 2018). In this study,
we apply an alternative approach suggested by Longhi and Guglielmin (2020) which utilizes soil
dating (e.g., Maejima et al., 2002) and the Schmidt Hammer R-value (e.g., Matthews and Winkler,
2011). The Crystallinity Ratio of free iron oxides (hereafter abbreviated CRF) has been demonstrated
to be a good indicator of age for soils developed on glacial and periglacial features (Arduino et al.,
1984; Maejima et al., 2002; Longhi et al., 2020), and the Schmidt Hammer R-value has been widely
used as a metric of the rock weathering. This allows estimation of the relative exposure age of bedrock
surfaces (Matthews and Shakesby, 1984; McCarroll, 1989; Goudie, 2006; Shakesby et al., 2006;
Owen et al., 2007; Shakesby et al., 2008; Matthews and Owen, 2010; Matthews and Winkler, 2011;
Guglielmin et al., 2012; Longhi and Guglielmin, 2020).

The objectives of this study are therefore: a) to reconstruct the glacial evolution of the Forni Glacier
(Italian Central Alps) after the LGM using Schmidt Hammer R-values and Crystallinity Ratio
indices of soils, and b) to evaluate the effect of subsequent glacial advance on the exposure age of

previously exposed roches moutonnée.
4.4.3. Study Area

The Forni Glacier is located in the Central Italian Alps, in Upper Valtellina, within Stelvio National
Park (Figure 1).

The area is located in the Frodolfo Basin between 2150 m and 2700 m elevation. Tributary valleys,
including the Rosole Valley, the Cedec Valley, and the S. Giacomo Valley, feed into the main valley.
The regional lithology is primarily characterized by chlorite and sericite micaschists and banded
paragneiss (ERSAF, 2016). The valley bottom shows clear evidence of glacial activity in the form of

striated roches moutonnée. The valley sides are mainly covered by ablation till with several moraine
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ridges deposited during different glacial phases. The valley sides are also affected by gravitational
processes like landslides and debris flows.

In the upper forefield area, soils mostly correspond to Leptosols (ERSAF, 2012), with very shallow
A horizons over a deeper and extremely stony deposit (Pelfini et al., 2014; FAO, 2006). In contrast,
the forested lower part of the Forni Valley is characterized by coniferous forest soils (ERSAF, 2012),

i.e., Podzols (Duchaufour, 1983; FAO, 2006; Pelfini et al., 2014).

4.4.4. Methods

4.44.1. Soil Analysis

In order to select the soil profile locations, we cored the soils with a hand auger to check for the
presence of podzols. For each core, the site characteristics (coordinates, elevation, aspect, slope,
vegetational coverage, dominant vegetation, and stoniness) and the soil characteristics (horizon
sequence, color, texture, structure, characteristics of the boundaries, and eventual cryoturbations)
were described following the Guidelines for soil description (FAO, 2006).

Only where podzols were identified two soil profiles were dug on top of moraine ridges and classified
according to the FAO classification (FAO, 2014).

Standard procedures were followed for the extraction of oxalate (Schwertmann, 1964; McKeague and
Day, 1966) and dithionite (Longhi et al., 2020).

Two spoonfuls of 0.06 mm ground soil were compressed into thin pads and then analyzed with a

SEM-EDX system to measure the total iron content of each sample.

Feq—Feqo

The crystallinity ratio (CRF) was calculated as CRF = (Arduino et al., 1984; Arduino et al.,

€tot

1986; Maejima et al., 2002; Longhi et al., 2020).
The soil ages were calculated according to the equation from Longhi et al. (2020):

Ages = 3907*In(CRF) + 3508.2 (Eq. 1)
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which generates soil ages from the CRF of the B horizon. This equation is the best-fit regression
between B-horizon CRF from several podzols and their corresponding *C (Longhi et al., 2020)
calculated in nearby sites in the Central Italian Alps (Stelvio Pass Area, Gavia Pass Area , and Val
Viola Area) and can be used also in the study area as the CRF is not dependent of the in situ iron
richness. The ages were calculated from the B horizon as well as from the A horizon because of the
possibility of new pedogenesis on the analyzed podzol (Maejima et al., 2002), which would generate

an underestimation of the soil age.
4.44.2. Schmidt’s Hammer Measurements

In this study, we used a Schmidt-Hammer type N with an impact pressure of 2.207 Nm, which has
been used in several papers to reconstruct deglaciation or glacial evolution globally (i.e. Matthews
and Winkler, 2011; Guglielmin et al., 2012; Longhi and Guglielmin, 2020).

To avoid potential errors associated with the method, several precautions were taken.

First, we limited our analyses only to micaschists: this kind of rock is difficult to be used for Schmidt’s
hammer measurement because of their schistosity. Our selection was imposed by the dominance of
this lithology, so attention was paid to maintain the same angle between the measurement surface and
the schistosity. Second, we selected large, flat, horizontal, or sub-horizontal surfaces of roches
moutonnées, ideally with low roughness, to ensure a homogeneous weathering of crystals over the
entire surface (Williams and Robinson, 1983; Owen et al., 2007; Longhi and Guglielmin, 2020).
Third, measurements were taken in dry conditions during summer to avoid the effects of moisture on
the rocks (Sumner and Nel, 2002). Fourth, we intentionally avoided lichen-covered surfaces
(McCarrol, 1991). Given the homogeneity of the chosen surfaces, we made 25 readings at each of the
90 roches moutonnées (called stations). Matthews and Owen (2010) found this sample size to be
statistically significant, and Longhi and Guglielmin (2020) demonstrated that this is sufficient data to
derive a calibration curve. Striae orientations on roches moutonnées, along with the orientation of the

roches moutonnées themselves, were also recorded in order to better reconstruct the glacial flow
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directions. The stations were then clustered in 8 different geomorphologic units; each unit containing
between 1 and 21 stations, depending on the size and the availability of proper roches moutonnées.
The geomorphologic units were identified based on the flow directions indicated by the roches
moutonnées and the striae, as well as from the geometry of the surrounding moraine ridges.

The availability of four absolute ages (Geoportale Regione Lombardia, 1981-2000; Pelfini et al.,
2014) allowed us to convert the relative R values into calibrated ages and generate a regional
calibration curve reported in section 4.3. The number of calibration points was limited by the presence
of datable surfaces but recent studies has proposed calibration even with just two calibration points
and are assumed possible (Matthews et al., 2020).

Combining the results of the CRF soil ages, the exposure ages calculated with Schmidt’s Hammer R-
values, and the geomorphological evidence of glaciation (i.e., the moraine ridges and the striae on the
roche moutonnées), different phases of the deglaciation were reconstructed in QGIS 3.16. Recent and
modern limits of the glacier were drawn from previous glacial reconstruction (Pelfini, 1992; Pelfini
et al., 2014), and orthophotos (1950, 1998, 2003, 2007, 2014) provided by Geoportale Regione
Lombardia.

4.4.4.3. Absolute ages for Schmidt’s Hammer Calibration

Two CRF ages from soil samples, one '*C age from vegetation, and one historical age were used for
the calibration of SH R-values (Table 1). The oldest age corresponds to the age of the dated soil PF1
(Fig. 2 and 4), dug on a morainic ridge close to site 44 (Unit 7; Fig.4); therefore, this represents the
minimal exposure age of Unit 7 because the soil may have developed some decades after glacier
advance. The second age corresponds to the age of PF2 (Fig. 2 and 4), a soil pit opened on a morainic
ridge close to site 39 (Unit 6, Fig. 4).In this case, the sample date represents the minimal exposure
age of Unit 6. The only “C date available corresponds to the age of a Pinus cembra log (Pelfini et al.,

2014) found close to site 104 (Unit 5) and dated 4117 Cal BP, representing its minimal exposure age.
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Finally, the historical age was calculated from overlaying the orthophotos (1998 and 1981, provided
by Geoportale Regione Lombardia); this constrains the minimal exposure age of Unit 2.

As suggested by Longhi and Guglielmin (2020), the calibration curve was calculated from the mean
of the 25 R-values for all stations corresponding to an absolute age and the confidence interval was
calculated by applying a linear regression between the maximum and minimum of the R-values (R+0c)
and the maximum and minimum of the absolute ages (Ages calBP+ ). The result was then compared
with the curve from Longhi and Guglielmin (2020) to determine eventual differences and to test

which was the most accurate one to use in the reconstruction.
4.44.4. LIA dating

In the Forni Valley, only Unit 7 and Unit 8 have been ice-free since their first exposure (Figure 4);
indeed, the LIA advance covered all the other roches moutonnée until at least 1867 AD (Pelfini et al.,
2014). Given this assumption, it is possible to derive a calibration curve with the SH R values of Units
7 and 8:

Ages =-325.45*%R + 24,133 (Eq. 2)
Equation 3 allows us to calculate the R value that would have occurred if the sites were not re-covered
by the glacier after their first exposure (Table 6).
Moreover, using the R values of Units 2 and 1, which were only recently exposed after 1981 AD and
after 2014 AD, respectively, it is possible to calculate a weathering rate W according to the following
equation:

W=(R1-R2)/(T1-T2) (Eq. 3)

where R1 is the mean R value for Unit 1, R2 is the mean R value for Unit 2, T1 is the exposure year
of Unit 1, and T2 is the exposure year of Unit 2 equal to 0.0053 R/year.
If we then divide the difference between the mean and calculated R values by this weathering rate,

we can obtain the ice coverage of Unit 6, Unit 5, Unit 4, and Unit 3 (see Table 6 in discussion).
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4.4.5. Results

4.4.5.1. Soil Description and Characteristics

The described soils are Podzols: PF1 is a Skeletic Podzol while PF2 is an Entic Podzol. All profiles
data are listed in Table 2.

The thickness of the A+B horizons (solum, Soil Survey Staff, 1993) is similar in both profiles and
ranges between 45c¢cm (PF2) and 48cm (PF1). They are quite coarse (silt+ clay <5%) and acidic (pH
ranges between 3.84 in PF1-A and 4.44 in PF2-Bs). The CRF content of the soil profiles ranges
between 8.51 in PF1-Bs and 5.19 in PF2-Bs, corresponding to ages between 9289 (PF2) and 11,263
(PF1) cal BP based on the B-horizon calibration curves proposed by Longhi et al. (2020).

4.4.5.2. Schmidt-Hammer Measurements

A total of 90 stations were analyzed, with the results subdivided into 8 geomorphological units as
shown in Table 3. The stations were chosen only on roches moutonnées and clustered in different
geomorphologic units; each unit contained between 1 and 21 stations, depending on the size and the
availability of proper roches moutonnées (Table 3). The geomorphologic units were identified based
on the flow directions indicated by the roches moutonnées and the striae, as well as from the geometry
of the surrounding moraine ridges.

Unit 1 displayed the highest R values (R = 74.43), while the lowest values were found in Unit 8 (R =
28.70+0.53). With the exception of Unit 1 (which has only 1 site), the standard deviation is low and
ranges between 0.23 (Unit 2) and 1.25 (Unit 7), illustrating the homogeneity of the surfaces within
the units (Figure 2).

4.4.5.3. Schmidt-Hammer Calibration

The equation derived by the calibration is
Ages =-318.36*R + 23,890, (Eq. 4)

which has a very high R? of 0.99 (Figure 3).
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The curve is similar to the one obtained on the same rock type in the nearby Gavia Pass area (Longhi
and Guglielmin, 2020). However, the erosion rate over roches moutonnées is lower for the Forni
Glacier measurements. Given an SH R-value, the corresponding exposure age is higher when
calculated with Equation 4.

The uncertainty associated with this curve (Table 4) ranges between + 137 years in Unit 2 and =189
years in Unit 7, almost uniform but slowly increasing through time. Compared with other studies
(e.g., Shakesby et al., 2006), the uncertainty associated with the present method is lower. Applying
the curve from Longhi and Guglielmin (2020), as shown in Table 4, the uncertainty is greater and
ranges between + 9.7 years in Unit 2 and 468 years in Unit 6.

Therefore, it is preferable to use the new site-specific calibration curve because the maximum error

is lower. The ages proposed in this study will be calculated by applying Equation 4.
4.4.5.4. Units exposure age

Each unit was dated using the calibration curve, and the results are displayed in Table 5.

The most recent exposure age is 186 years cal BP in Unit 1. This unit is located at 2550 m a.s.l., close
to the current glacier front. The oldest exposure age is 14,792 years Cal BP for Unit 8; the sample
was from the highest lateral moraine above the Forni Hut at ~2410 m a.s.l. Only Units 1 and 2
represent historical glacial position, while the exposure ages from Units 3 to 8§ indicate that they were

deglaciated before the LIA.

4.4.6. Discussion

4.4.6.1. The glacial history of the Forni Glacier

A total of six different glacial phases related to the geomorphological units were found in the area
and dated before the LIA: 15 ka (I phase-Unit 8), 12.2 ka (II phase-Unit 7), 9.5 ka (III phase-Unit 6),

4.1 ka (IV phase-Unit 5), 3.2 ka (V phase-Unit 4), and 1.5 ka (VI phase-Unit 3) (Figure 4-Figure 5).
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The use of the Schmidt’s hammer in geomorphological research as a dating tool on micashists is
difficult but is already proved that, given an homogeneity between the same angle between the
measurement surface and the schistosity, the results usually show R-values between 2 and 8 points
lower than gneiss depending on quartz content (Goudie, 2006). Moreover, the number of calibration
points surely is low but was limited by the presence of datable surfaces, and recent studies has
proposed calibration even with just two calibration points (Matthews et al., 2020).

Around 15 ka (I phase), the Forni Glacier was much thicker (Unit 8), reaching a minimum thickness
of ~300 m above the Forni Hut, the difference in height between the top of the moraine and the Forni
Hut. The striae orientations and the morainic ridges at the confluence with the Cedec Valley suggest
that the two glaciers were joined, leaving a right lateral moraine above the Forni Hut at ~2430 m a.s.1.
On the opposite side of the valley, the San Giacomo Glacier was probably joined too, leaving a left
lateral moraine at ~2445m a.s.l. A contemporary moraine can be found above the Forni Alp at
approximately 2470 m a.s.1.

Around 12.2 ka (II phase), the glacial tongue was thinner and ended close to the Forni Hut at ~2160
m a.s.l., where the Podzol PF1 was dated (Unit 7). The presence of limestone pebbles in the right
lateral moraine at 2280 m a.s.l. supports the interpretation that the Cedec Valley Glacier was still
joined in this phase. The San Giacomo Glacier was also still joined based on the morphology of left
lateral moraine between 2460 and 2340 m a.s.l. and the striae orientation over roches moutonnées 33
and 117. A contemporary moraine can be found above the Forni Alp at around 2450 m a.s.1.

Phase III at 9.5 ka represents the Holocene maximum expansion. The glacier reached the valley
bottom and deposited a terminal moraine at approximately 2145 m a.s.l. (Unit 6), where Podzol PF2
was dated. Orombelli and Pelfini (1985) reported the Holocene maximum expansion in the same
position but dated this event to 2.6 ka using the basal level of a small peat bog dammed by the same

terminal moraine; this is considerably younger than our findings. During this period, both Cedec
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Valley Glacier and San Giacomo Glacier detached from the main Forni Glacier and were never joined
again.

No further glacial advances were identified before 4.1 ka (phase IV), when Forni Glacier advanced
to 2178 m a.s.l and deposited Unit 5 (Figure 5). These findings confirm the glacial advance
hypothesized by Pelfini et al. (2014), who found a log buried by till which was dated to 4117 cal BP.
Around 3.2 ka (V phase), after a period of strong increase of summer temperature that induced glacial
retreat (Ortu et al., 2008), the Forni Glacier advanced to 2190 m a.s.l (Unit 4), while the last
detectable pulsation before the LIA is dated 1.5 ka (VI phase) when the glacier reached the valley
bottom around 2300 m a.s.l (Unit 3) (Figure 5).

The Little Ice Age is not datable with our methods because all bedrock surfaces covered by the LIA
glaciers were exposed during earlier retreats. Payer’s (1867) historic iconography places the front of
the glacier at 2150 m a.s.l. during the Little Ice Age (Figure 4) in 1867 AD. This is approximately the
same position of the III phase 9.5 ka ago.

After the LIA (Figure 5), the glacier had two small advances: one in 1904 AD reaching 2175 m a.s.1.,
and a second in 1926 AD reaching 2190 m a.s.l. (Pelfini et al., 2014). The glacier then quickly
retreated; in 1950 AD, the glacial tongue was already around 2300 m a.s.l. (Orthophoto from Regione
Lombardia). In 1981 AD (Pelfini et al., 2014) the Forni Glacier had its “neoglacial” advance and
deposited two lateral moraines that were almost joined at 2350 m a.s.l. Afterwards, the Forni Glacier
began to shrink rapidly. In only 17 years, the front retreated upward to 2500 m a.s.l. in 1998
(Orthophoto from Regione Lombardia), 2505 m a.s.l. in 2003 AD, 2508 m a.s.l. in 2007 AD, 2512 m
a.s.l. in 2014 AD (Pelfini et al., 2014), and finally 2520 m a.s.l. at the time of publication (Google,

Maxar Technologies).
4.4.6.2. Glacier fluctuations in the Alps

To better constrain the glacial evolution of the Forni Glacier, we propose a comparison with the

glacial history of the nearby Gavia Pass area (Longhi and Guglielmin, 2020) and with the glacial
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history of the Triftjegletscher (Kronig et al., 2018), a Swiss glacier with the same orientation as the
Forni Glacier.

The Forni Glacier’s I phase has contemporary deposits in the Gavia Valley (Longhi and Guglielmin,
2020). This advance in the pre-Bolling (Steinemann et al., 2020) may be related to the end of the GS-
2 event in the INTIMATE stratigraphy (Rasmussen et al., 2014) at the end of the Oldest Dryas
division (Iversen, 1954).

The II phase was also identified in the Gavia Valley (Longhi and Guglielmin, 2020) during the
Younger Dryas in a climatic phase characterized by cold, dry conditions in most of the Alps
(Kerschner et al., 2000; Walker et al., 2009) as documented by the pollen zone III of Youngest Dryas
(Iversen, 1954). Triftjegletscher boulders and bedrock have been dated around 12 ka (Kronig et al.,
2018) and, therefore, also correspond to this phase.

During the subsequent III phase (9.7 ka), only the Gavia Pass Glacier advanced. This occurred
between 10.2 ka and 9.7 ka in the Boreal and was related to a cold period after a rapid warming event
recorded in Alpine lake sediment (Heiri et al., 2014). Based on the distribution of R values on the
roches moutonnee of Unit 6, as well as the development of Podzol PF2 on the Unit 6 terminal moraine
at 2145 m a.s.l. (which was previously attributed to the LIA based on iconographic information;
Pelfini et al., 2014), it appears that III phase was approximately of the same extent as the LIA. If this
is true, then this phase occurred in both the Gavia and Forni areas during the Holocene maximum
expansion. However, the LIA advance in the Forni Valley was comparable in size to the III phase
glacier, whereas the LIA advance in the nearby Gavia Valley was comparatively localized (Longhi
and Guglielmin, 2020). Therefore, all post-1II phase morainic ridges in the Forni Valley were eroded
by the LIA advance, leaving the Schmidt’s hammer R values and soil dating as the only methods for
reconstructing the deglaciation. A similar behaviour was recorded also on the Triftjegletscher, where

the LIA advance was the second-largest Holocene expansion.
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The following phases are here hypothesized on the basis of the dated roches moutonnée. The IV phase
has no corresponding event in either the Gavia Valley or the Triftjegletscher. The transition at about
4 ka is known for being a complex climatic change period (Mayewski et al., 2004; Magny et al.,
2009), and it was characterized by a drying and cooling climate that may be responsible for this
advance. Indeed, a well-known “4000 BP event” started approximately 4.4 ka and ended about 3.8
ka (Perry and Hsu, 2000; Drysdale et al., 2006; Magny et al., 2009; Liu and Feng, 2012; Pelfini et
al., 2014).

The V phase was contemporary to the event recorded by the till that buried the soil analyzed by
Kronig et al. (2018). This indicates an advance of the Triftjegletscher Glacier sometime after 3.1 ka
(Schneebeli and Réthlisberger, 1976) that may be related to the 2.8 ka cold event (Swindles et al.,
2007; Wang et al., 2013).

The VI phase was the last detectable phase in the Forni Valley, and evidence of corresponding
advances is present in both the Gavia Valley (Longhi and Guglielmin, 2020) and in Triftjegletscher
(Kronig et al., 2018).

The absence of IV phase and V phase in the Gavia Valley is probably related to the global circulation:
during the periods winds came mostly from South (Holzhause et al., 2005) and the N aspect of the
Forni Glacier may have granted higher precipitation than the E and W aspect of the Mount Gavia
Glacier and the Lake Bianco Glacier in the Gavia Valley.

The contrasting extent of the Holocene expansion and the LIA between the Forni Valley and the
Gavia Valley is probably related to the morphology of the catchments (i.e., smaller area, steeper
slopes, western-eastern aspects, and lower maximum altitudes in the latter). Despite being far from
the Forni Valley, the Triftjegletscher is North/North-West facing like the Forni Glacier. The similar
glacial history of the Forni and Triftjegletscher glaciers thus supports our hypothesis that catchment

morphology is more important than proximity for controlling glacial evolution during the Holocene.
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This finding illustrates the importance of considering catchment catchments during glacial
reconstruction studies.

It was then possible to determine the age of the LIA maximum as 1810 AD. (Table 6)

After the LIA, the glacier retreated almost continuously, with some small positive fluctuations (Figure
6)in 1904 AD, 1926 AD, and 1981 AD. These are evident in the data from the Comitato Glaciologico
Italiano Bulletin (1926 to 2019) and from Pelfini (1992) that deposited the morainic ridges shown in
Figure 5.

It is interesting to note that roches moutonnée in Unit 6, which were covered only during the LIA,
still display striations, whereas Unit 5, Unit 4, and Unit 3 have no evidence of striation. This
observation could be related to the thermal characteristics of the glacier base. If the Forni Glacier was
cold-based during the LIA, the older striations on the roches moutonnée would have been preserved.
During the following period, the striae on the roches moutonnée in Units 5, 4, and 3 may have been
erased by (1) greater volumes of water flowing under the glacier due to warmed climatic conditions
and (2) reduced subglacial debris due to different flow pathways. The possibility of the cold Forni
Glacier base agrees with recent findings of Francese et al., (2019) even in the current climatic

conditions although at high altitude in the accumulation zone.
4.4.7. Conclusion

The calibration curve produced in this study confirms that the SH is a reasonable method of
reconstructing exposure ages and glacial history during the Holocene. However, the SH calibration
curve is not universal, and even proximal regions with similar lithologies may require different SH
calibrations. The reconstruction error that may result from a “universal” curve is shown by comparing
the results from this paper with those produced by a calibration curve from the Mt. Gavia region
(Longhi and Guglielmin, 2020).

A total of 6 different glacial phases were identified and dated for the Forni area before the LIA: 15

ka (I phase), 12.2 ka (I phase), 9.5 ka (III phase), 4.1 ka (IV phase), 3.2 ka (V phase), and 1.5 ka (VI
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phase). Comparing this reconstruction with results from an adjacent area of the Gavia Pass (Longhi
and Guglielmin, 2020) and with the glacial history of a similar glacier located on the northern side of
the Alps (the Triftjegletscher Glacier; Kronig et al., 2018) suggests that catchment morphology (i.e.,
area, slope, aspect and maximum altitudes) was more important than proximity in the glacial
evolution during the Holocene. For exa-mple, although the Forni Glacier and Triftjegletscher Glacier
are located in different sectors of the Alps, their similar catchment morphology caused the LIA
expansion to be among the largest recorded during the Holocene. In contrast, the Gavia Pass and
Forni Valley are separated by less than 10 km, but the LIA advance in the Gavia Pass was smaller
than every other Holocene advance.

Although the LIA glacier was almost equal in extent to the 9.5 Ka phase in the Forni Valley, causing
many of the roches moutonnée in the Forni Valley to be re-covered by ice during the LIA, weathering
rate calibration allowed us to date the maximum of the LIA expansion to 1810 AD. Additionally, our

results suggest that the glacier was cold-based during the LIA.
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Figure 1: Reference map of site location (map data: Google, Maxar Technologies).
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Figure 2: Box and whisker plots with R mean values; red line indicates the mean value for each geomorphological unit.
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Figure 3: Calibration curve achieved with R mean values (1, blue) and calibration curve from Longhi and Guglielmin (2,

red) with relative confidence intervals.
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Figure 4: Main glacial features (morainic ridges) of the older three glacial phases and, for comparison, the maximum
extent in 1867AD of the Forni Glacier. Colored dots correspond to the different stations where Schmidt Hammer was
used, grouped into 8 different units based on their ages. Red triangles are the sites of the dated podzols, and the maroon
rhombus is the site of the C dated log (Pelfini et al., 2014). Black arrows indicated the orientations of the examined

striae.
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Figure 5: Late Holocene glacial reconstruction of the Forni Glacier. The different violet tones indicate the reconstruction
of the IV, V and VI phases based on the Schmidt Hammer values, while the different blue lines indicate the historical
reconstruction including the glacial moraines corresponding to the LIA (1867), 1904 AD, 1926 AD and 1981 AD. For
the rest of the legend, see Fig. 4.
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Figure 6: Cumulative frontal glacier variation (Comitato Glaciologico Italiano, 1926 to 2019; Pelfini, 1992) between

1864 and 2019.
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Type Age Relative Unit
CRF age 11,263 Unit 7
CRF age 9289 Unit 6

14C age 5117 Cal BP Unit 5
Historical age 1990 AD Unit 2

Table 1: data used for the calibration, type of data, and relative geomorphological unit.

Profile Horizon Water CRF | Ages
Id Skeleton | Sands | Silt+Clay Content pH LOI
PGl A 34.47 62.94 2.59 26.74 3.84 8.18 | N.A. | N.A.
Bs 40.26 58.88 0.86 15.73 4.18 624 | 851 | 11,263
PG2 A 21.09 76.81 2.1 23.84 4.02 12.89 | NA. | N.A.
Bs 39.45 55.63 4.92 16.18 4.44 8.11 5.19 | 9289

Table 2: Soil characteristics. The grain size classes (skeleton, sands, silt+clay), the water content, and the LOI are in %

while the pH is in pH unit, CRF is a pure number, and Ages are expressed as years Cal BP. N.A=not analyzed.

Unit ID Number of stations | R Mean Value X
1 1 74.43 -
2 11 74.28 0.23
3 3 70.07 0.37
4 12 64.98 0.84
5 14 62.12 0.53
6 21 45.05 0.45
7 18 36.65 1.25
8 10 28.70 0.53

Table 3: R mean values with their standard deviations in each geomorphological unit and the number of stations for each

unit.

Unit ID | Absolute Age | Overall Error | Error Longhi and Guglielmin (2020)
2 1990 AD + 137 £9.5
5 4400 + 141 +333
6 9941 + 185 +468
7 11874 + 189 +137

Table 4: Error associated (years Cal BP) with calibration curve and with calibration curve from Longhi and Guglielmin

(2020). Ages are expressed as the mean in years Cal BP.
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Unit | R Mean Value | Ages (Years Cal BP)
1 74.43 186
2 74.28 234
3 70.07 1580
4 64.98 3203
5 62.12 4118
6 45.05 9571
7 36.65 12253
8 28.70 14792

Table 5: Geomorphological units, relative R mean values, and calculated exposure ages.

Unit ID | R Mean Value | Calculated R-Value | Calculated Coverage Time | Historical Exposure Age

8 28.70 - - -

7 36.50 - - -

6 45.05 44.74 57 1867-1904
5 62.12 61.50 116 1904-1926
4 64.98 64.31 126 1926-1950
3 70.07 69.30 144 1950-1981
2 74.28 - - 1981-1998
1 74.43 - - 2014-2020

Table 6: Geomorphological units, relative R mean values, calculated R-values, calculated coverage time (years), and

historical exposure ages (AD).
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4.5.LAKES SEDIMENT ANALYSIS

TBG1 and TBS1 were cored and analyzed to reconstruct environmental and climatic conditions in
comparison to the glacial reconstruction. TBG1 was drilled in the deepest point (46.34N, 10.49E,
2657m a.s.l.) of a pond damned by the morainic ridge containing soil profile PG2, in the Gavia Pass

area, and its base was dated at 8010-7029 cal. BP (Fig. 18a).
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Figure 18: Location of the cores in the Gavia Pass area (a) and in the Stelvio Pass area (b) with glacial position
following the cores basal age.

TBS1 was drilled in the deepest point (46.54N, 10.44E, 2565m a.s.l.) of a pond within a depression
among some roches moutonées (TBS1) in proximity to profile PS1, in the Stelvio Pass area, and its
base was dated at 7271-7125 cal. BP (Fig. 18b).
TBGI can be divided into 10 stratigraphic units based on particle size distribution (Fig. 19a) and
color:
e 164cm-154cm: this basal section is characterized by laminated clays, index of really low
current in the basin. The sample TBG1-V was taken for sand mineralogical composition

analysis;
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154cm-151cm: this unit is composed by a paleosoil, indicating that there wasn’t sedimentation
during this phase but the condition allowed sedimentation. The sample TBG1-U was taken
for sand mineralogical composition analysis;

151cm-150cm: this small unit indicates a return to low current sedimentation in the basin as
it's characterized by laminated clays. The sample TBG1-T was taken for sand mineralogical
composition analysis;

149cm-150cm: another small paleosoil is present in this section, suggesting another phase of
not sedimentation. The sample TBGI-S was taken for sand mineralogical composition
analysis;

146cm-149cm: this section represents the younger low current sedimentation that left
laminated clays in the core. The sample TBGI1-R was taken for sand mineralogical
composition analysis;

134cm-146cm: in this section, the sedimentation is representative of a still low current but
higher than before, as the sediment is classified as a silty loam. The sample TBG1-Q was
taken for sand mineralogical composition analysis;

97.5cm-134cm: in this unit, the sedimentation is representative of a faster current as testified
by the loamy sand classification. Three samples (TBG1-N, TBG1-O, and TBG1-P) were taken
for sand mineralogical composition analysis;

90cm-97.5cm: also this section is classified as loamy sand but more gravel is present, probably
indicating a more rainy period, maybe with some extreme event. In this section the sample
TBGI1-M was taken for sand mineralogical composition analysis;

4cm-90cm: in this section a return to the loamy sand is evident. In this section nine different
samples (TBG1-B, TBG1-C, TBG1-D, TBG1-E, TBGI1-F, TBG1-G, TBG1-H, TBG1-I, and

TBG1-L) were taken for sand mineralogical composition analysis;
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e (Ocm-4cm: this unit represents the real turf of the whole core, its particle size distribution
allows to classify it as sand representing the fastest water current phase in the core. In this

section the sample TBG1-A was taken for sand mineralogical composition analysis;

a) 100 4° b) 100 1°

2 2
£ ‘0 & o
N ®% N %
ae siLTY ¢ SILTY
cLaY \ oo CLAY '\ 5o
40
SILTY CLAY SILTY CLAY
CLAY LOAM \ b= \70 CLAY LOAM \ D \70
80 20
SILTY LOAM - SILTY LOAM =
L]
SILT SILT
10 100
0 : : i 0 v . . . . .
0 9 B0 70 60 50 40 30 20 10 10 9% 8 70 60 S0 4 3 20 10 0

% Sand % Sand

Figure 19: Particle Size Distribution of sample taken for sand mineralogical composition analysis in TBG1 (a) and
TBS1 (b).
TBSI1 can be divided into 10 stratigraphic units based on particle size distribution (Fig. 19b) and
color:
e 106cm-99cm: this section is dominated by laminated clays that are an index of low current
sedimentation. The sample TBS1-M was taken for sand mineralogical composition analysis;
¢ 99cm-94cm: this unit 1s characterized by loamy sands with a lot of gravel, indicating an
extreme rainy event. The sample TBS1-L was taken for sand mineralogical composition
analysis;
e 94cm-82cm: here a low current sedimentation is represented by the silty loam classification,
but the current was higher than in the first section. The sample TBS1-I was taken for sand

mineralogical composition analysis;
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61cm-82cm: the current increased again in this section as the silt fraction decreases in favor
of the sand one. Two samples (TBS1-G, and TBS1-H) were taken for sand mineralogical
composition analysis;

57cm-61cm: this section is classified as loamy sands but the high presence of gravel suggests
an extreme rainy event. The sample TBS1-F was taken for sand mineralogical composition
analysis;

19cm-57cm: in this section a return to the loamy sand is evident. In this section four different
samples (TBS1-B, TBS1-C, TBS1-D, and TBS1-E) were taken for sand mineralogical
composition analysis;

Ocm-19cm: this unit represents the real turf of the whole core, its particle size distribution
allows to classify it as sand representing the fastest water current phase in the core. In this

section the sample TBS1-A was taken for sand mineralogical composition analysis;

The difference in depth of the two cores suggests a faster mean sedimentation rate in the TBGI1 of

about 32% more than in TBS1, given almost the same start of sedimentation age.

Besides the turf unit, an upper loamy sand section characteristic of a quite fast current sedimentation

interspersed by an extreme event is common in the two cores. Even an underlying silty loam unit

seems to be common in both the cores but, while in TBS1 it is overlying an extreme rainy event and

a lacustrine clay sedimentation, in TBG1 the situation is more complex. Under the silty loam unit in

TBG1, it is represented an alternation between lacustrine sedimentation and pedogenesis that allowed

the formation of the paleosoils.

In TBG1 (Fig. 19a) the trend of the LOI and of macroremains can be described by subdividing the

core into 7 different sections:

164cm-154cm: starting with really low LOI values (9.52%), the trend is increasing and

reaching a maximum of 21.29%, evidencing a period of climatic improvement that could have
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enhanced the possibility for living beings to increase. Almost no macroremains are found in
this section;

154cm-130cm: after a small drop that brought the LOI to be close to the beginning of the
previous sector (11.06%), the trend starts to increase again to reach a maximum of 33.33% at
the end of the section. Macroremains have been found here, especially of Larix decidua, Pinus
mugo, and some not identifiable woods;

130cm-104cm: in this section, the LOI is pretty stable and the values range from a maximum
of 36.30 at 109cm to a minimum of 28.26 at 125cm, indicating a period with no significant
variations. Macroremains are at their maximum expression both in diversity and in number,
Larix decidua and Pinus mugo disappear, replaced by Juniperus nana and Kalmia sp.;
104cm-87cm: the LOI drastically falls from 32.76% to 10.98% in this section, evidencing a
worsening of the climatic condition that could make living conditions difficult as the lowering
in the number of macroremains supports;

87cm-69cm: here the LOI values are stable and indicate a difficult period for life probably
due to bad climatic conditions, and the number of macroremains keeps lowering;
69cm-34cm: from the low values of the previous section (11.37%), the LOI trend starts to
increase and reach a relative maximum of 30.45%, the number of macroremains remains
almost the same but Carex sp. increases;

34cm-0Ocm: after a drop to 16.32% in a few centimeters, the LOI starts to increase and from

19cm to the top it remains stable around values of 20%.
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Figure 20: Stratigraphy, macroremains (expressed as number of each species), and LOI (expressed in %) in TBG1 (a)
and TBS1 (b).

Even if TBSI is a shorter core (Fig. 19a), the trend of LOI and macroremains can be described by
subdividing the core into 7 sections too:

e 106cm-85cm: from a beginning of really low LOI (9.14%) the trends starts to increase
reaching a maximum of 33.64% suggesting a climatic improvement during this period;
macroremains number increase too from the bottom to the top of this section and are mostly
represented by Pinus mugo, Larix decidua, and Juniperus nana;

e 85cm-76cm: after a small drop, the trend starts to increase again to reach a maximum of
34.28% at the end of the section, just a little higher than in the previous section; the number
of macroremains increases a little, Larix decidua are mostly represented in this unit, and the

presence of Salix erbacea and of Carex sp. increases;
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e 76cm-63cm: the trend of increasing LOI continues in this section but with a slower rate,
reaching a maximum of 35.37%; the number of macroremains is stable and no significant
variation in the composition can be detected;

e 63cm-45cm: in this section, the LOI is pretty stable and the values range from a maximum of
35.02% at 62cm to a minimum of 28.86 at 53cm, indicating a period with no significant
variations; wood macroremains appear here;

e 45cm-32cm: here the LOI values decrease to reach a minimum of 8.98%, even lower than in
the first section, indicating a worsening of the climatic condition; the total number of
macroremains decreases in this section, and wood macroremains disappear;

e 32cm-19cm: the LOI reverse its trend in comparison to the previous section reaching a peak
of 28.32%; the number of macroremains increases;

¢ 19cm-Ocm: a rapid drop brought the LOI to values close to 20% and the trend remained stable
from 17cm to the surface.

The section in both cores are not corresponding, but some well known events from the literature can
be detected. Dating the base of both cores, it is possible to say that the sedimentation process started
approximatively at the same age around 7.5-7.2ka and the LOI values indicate hard conditions for
life. These conditions agree with the glacial phase that has been dated in the previous works (Longhi
et al., 2020; Longhi and Guglielmin, 2020) in both the Gavia Pass area and in the Stelvio Pass area
around 7.5ka and with pollen records from high Alpine lakes (Ortu et al., 2008) that support a trend
of cooling summer temperatures, with a lowering of about 3°C between 7.9 and 7 ka.

The minimum between LOI values in the two cores, considering as constant the sedimentation rates,
should have an age of about 3.4ka. Schimmelpfenning et al. (2012-2014) found evidence a glacial
phase in the same period at the Tsidjore glacier, and Denton and Karlén (1973) suggested a lowering
in summer temperatures in Northern Hemisphere due to a decrease in insolation during the boreal

summer, corroborating this finding.

149



The drop in LOI at 24cm in TBG1 and at 18cm in TBS1, considering as constant the sedimentation
rates, should have an age of about 1.3ka. In the Gavia Pass area, a glacial phase has been reconstructed
at 1.9ka in the previous work (Longhi and Guglielmin, 2020), and even in the close Forni Pass area,
a glacial advance has been dated at 1.5ka. This glacial advance has been also identified in
Triftjegletscher (Kronig et al., 2018), but it was not detected in the Stelvio Pass area but it is
conceivable that the expansion was smaller than the LIA, that eroded its traces. The drop in LOI
maybe therefore connected to the Goschenen II cold phase (1.6-1.2ka; Zoller et al., 1998). It can not
be excluded that this drop may be related to the LIA: analyzing the stratigraphy, the lower section of
the two cores has a different sedimentation rate than the upper one, and this may lead to an
overestimation of the oldness of this drop.

The span between the bottom of the core and the minimum of LOI may be considered representative
of the Holocene Thermal Optimum, characterized by higher summer temperatures than in the pre-
industrial period in the medium and high latitudes of the Northern Hemisphere (4lverson et al., 2003).
Macroremains supports this hypothesis as their maximum is evident in this period and after the
minimum of around 3.4ka, especially the wood ones, suggesting trees existence at high elevation.
Charcoals have been been found both in TBG1 and TBS1. In TBGI1 they have been found in two
different positions: between 80cm and 65c¢m, and between 40cm and 35cm. The first span is in the
middle of a cold phase, it is so unlikely that the charcoal was e result of a natural fire. The second
span, instead, is in a period of warming and it is impossible to hypothesize, based only on the position
and the climatic reconstruction, if the charcoal is the result of a natural fire or of human activity. In
TBSI1 charcoals were only found between 70cm and 65cm, in a position attributed to the Holocene
Thermal Optimum: it is possible that high temperature and dry condition caused a natural fire, but

accurate analysis on the nature of the charcoals are needed for better supporting this hypothesis.
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Sample Quarz % Feldspar % | Micas % | Amphibolites % | Pyroxene % | Rock Fragment % | Kind of fragment
TBGI1-A 83.65 4.81 3.85 0.96 0.00 6.73 gneiss
TBG1-B 86.60 8.25 2.06 0.00 0.00 3.09 gneiss
TBG1-C 88.35 5.83 4.85 0.00 0.00 0.97 gneiss
TBG1-D 91.11 5.56 1.11 0.00 0.00 2.22 gneiss
TBGI1-E 81.31 5.61 8.41 1.87 0.00 2.80 gneiss
TBGI-F 86.87 4.04 2.02 3.03 0.00 4.04 gneiss
TBG1-G 84.31 4.90 3.92 3.92 0.98 1.96 gneiss
TBG1-H 87.50 7.69 0.96 0.00 0.96 2.88 gneiss
TBGI1-I 85.71 4.46 3.57 2.68 0.00 3.57 gneiss
TBGI1-L 89.52 1.90 2.86 3.81 0.00 1.90 gneiss
TBG1-M 86.61 3.57 4.46 4.46 0.00 0.89 gneiss
TBGI1-N 81.37 9.80 7.84 0.98 0.00 0.00 -
TBG1-O 88.04 543 1.09 3.26 0.00 2.17 gneiss
TBGI1-P 86.52 3.37 4.49 2.25 0.00 3.37 gneiss
TBG1-Q 92.94 5.88 1.18 0.00 0.00 0.00 -
TBGI1-R 87.91 3.30 2.20 3.30 0.00 3.30 gneiss
TBGI-S 83.67 4.08 8.16 1.02 0.00 3.06 gneiss
TBGI1-T 86.81 6.59 3.30 2.20 0.00 1.10 gneiss
TBG1-U 79.59 2.04 7.14 4.08 1.02 6.12 gneiss
TBG1-V 82.76 10.34 2.30 1.15 0.00 3.45 gneiss
TBS1-A 86.81 6.59 5.49 0.00 0.00 1.10 gneiss
TBS1-B 84.31 4.90 3.92 3.92 0.98 1.96 gneiss
TBS1-C 87.10 3.23 4.30 2.15 0.00 3.23 gneiss
TBS1-D 83.33 4.17 8.33 1.04 0.00 3.13 gneiss
TBS1-E 81.31 5.61 8.41 1.87 0.00 2.80 gneiss
TBS1-F 85.05 4.67 3.74 2.80 0.00 3.74 gneiss
TBS1-G 86.24 3.67 4.59 4.59 0.00 0.92 gneiss
TBS1-H 87.10 3.23 4.30 2.15 0.00 3.23 gneiss
TBS1-1 88.17 6.45 3.23 2.15 0.00 0.00 -
TBSI1-L 92.77 6.02 1.20 0.00 0.00 0.00 -
TBSI-M 87.78 3.33 2.22 3.33 0.00 3.33 gneiss

Table 2: Mineral composition of cores units.

All units are mainly composed by quartz minerals and the lithic fragments are all composed by gneiss.

This may suggest that the glacier flow direction didn't change as the lithology is present in the

catchment in both areas. This may be true for TBG1, but a more complex analysis is required on

TBSI1. As previously demonstrated (Longhi et al., 2020),

the Stelvio Pass the Vedretta Piana-

Platigliole glacier flew into TBS1 catchment at least until 7.5ka bringing carbonates in a catchment
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where they are absent, but no more traces are left in the area. The lower part of TBS1 has got a less
acid pH than the overlaying unit, with a change at 98cm that, assuming as constant the sedimentation
rate, should have an age of 6.5ka. The change in pH is almost consistent with a change in particle size
distribution representative of an extreme event and may mark the end of the transfluence. The absence
of carbonate rock fragments is not unexpected, as they dissolve in water and have not reached the

bottom in sedimentation, but may have lowered the pH.
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5. CONCLUSION

In this thesis, it has been demonstrated how a multidisciplinary approach is needed to understand
glacial processes involved in response to past climate change in different and close locations.

The data demonstrated the suitability of the CRF method for dating soils and its potential for use in
reconstructing glacial phase boundaries from podzols at high elevations. The CRF calculated on both
the A and Bs horizons had a good relationship with absolute age, and the trends were consistent with
the results of previous studies (Arduino et al., 1984; Arduino et al., 1986; Maejima et al., 2002) but
morphological or pedogenetic processes in the A horizon may lead to errors in calculated age: it was
therefore preferable to use equation (2), which was calibrated for the Bs horizon, to date the soils.
The podzol development was very different in the three study areas, despite their similar elevations,
suggesting asynchronous glacial advances after the LGM in Stelvio Pass Area, Gavia Pass Area, and
Viola Pass Area.

The calibration curve produced in the Gavia Pass Area suggested that the SH is a reasonable method
of reconstructing exposure ages and glacial history. However, the SH calibration curve is not
universal, as shown by a comparison of calibration curves for similar lithologies in Norway and the
Mt. Gavia region; the local variation in calibration parameters may be due to site-specific temperature
and precipitation. The best calibration curve is calculated on the R25 calculated on all the sites of
every geomorphological unit. The results support the use of SH as an efficient method for dating
glacially-polished bedrock of Late Pleistocene age until 15 ka in the Mt. Gavia region even if the SH
method generally underestimated the ages when compared to the CRF index of soils and the available
14C dates. This is reasonable because the bedrock samples were covered by the glaciers more recently

than the soils, which developed on the surrounding lateral or frontal moraine ridges.
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Combining all methods, eleven successive glacial events have been identified and dated before the
LIA: 16.7-14.7 ka, 13.7 ka, 12.3-11.8 ka, 11 ka, 10.2-9.5 ka, 9 ka, 7.5ka, 5.5 ka, 4.1 ka, 3.2 ka, and
1.9-1.5 ka. These events were not ubiquitarian, and happened differently in each different study area.
In detail, in the Stelvio Pass Area, five successive events have been identified and dated before the
LIA: 12.3 ka, 11 ka, 10-9.7 ka, 9 ka, and 7.5ka, while evidence of the LIA is limited to the Scorluzzo
N glacier. Two more frontal morainic ridges are present at 2690 and 2710 m a.s.I, with the lower one
datable to AD 1590 (Cannone et al., 2003). In this area, a small glacier was documented until AD
1952 (Cannone et al., 2003).

In the Viola Pass Area, four successive events have been identified and dated before the LIA instead:
16.7-14.7 ka, 12.3 ka, 11 ka, and 9 ka.

Moving to the Gavia Pass Area, seven successive events have been identified and dated before the
LIA: 14.7 ka, 13.7 ka, 12.2-11.8 ka, 10.2-9.7 ka, 7.5 ka, 5.5 ka, and 1.9 ka, but the evolution was
asynchronous between Mt. Gavia Glacier and Lake Bianco Glacier. More favorable conditions within
the Lake Bianco catchment were also confirmed between the LIA and the last advance recorded in
1985 AD when the Lake Bianco Glacier was declared extinct, while Mt. Gavia Glacier was reported
toreach 3005 ma.s.l. in2015. Glacial evolution over the last 30 years is mainly related to the different
degree of debris coverage on the two glaciers: the thicker and more continuous debris cover of Lake
Bianco Glacier allowed the conservation of more glacier ice, whereas the less extensive debris cover
of Mt. Gavia Glacier preserved only a minimal volume of white glacier ice in 2015.

Finally, a total of six different glacial phases were identified and dated for the Forni Area before the
LIA: 15 ka, 12.2 ka, 9.5 ka, 4.1 ka, 3.2 ka, and 1.5 ka.

Generally, these phases are generally consistent with the literature (Burga et al., 1987; Ivy-Ochs et
al., 2006; Hormes et al., 2008; Chenet et al., 2016; Moran et al., 2016; Scotti et al., 2017). However,
their extension was very different; this is evidenced by the reduced glacier extent in Val Viola with

respect to the previous reconstruction for the Gschnitz II stadial. It is also remarkable that in some
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part of this sector of the Central Alps (Gavia Pass area and Stelvio Pass area), the glacial advances
around 7.5 ka and 5.3 ka were more extended than during the LIA. In contrast, other alpine valleys
had smaller glaciers during these two time periods (Ivy-Ochs et al., 2009). The comparison of the
glacial evolution in the Forni Valley with the one in the adjacent area of the Gavia Pass and of a
similar glacier located in the northern side of the Alps, the Triftjegletscher (Kronig et al., 2018)
showed that the morphology of the catchments (i.e., area, slope, aspect, and maximum altitudes) was
more important than proximity in the glacial evolution during the Holocene. Indeed, while in similar
glaciers even if located on a different sector of the Alps like the Forni glacier and Triftjegletscher the
LIA is the second most expanded glacial phase during all the Holocene, in the adjacent Gavia Pass
Area its extent is definitely smaller than every other Holocene advances.

Despite the LIA in the Forni Valley was almost equal to the 9.5 ka in phase and therefore a large part
of the roches moutonnées was re-covered by ice during the LIA, it was possible to date the maximum
of the LIA expansion in 1810 AD and to underline probably during that time the glacier was cold-
based.

Finally, soil micromorphology has been proven as a good tool for past permafrost limit
reconstruction. It was possible to define the lower limit of Holocene permafrost in Stelvio Pass area
at 2228m a.s.l. and in Val Cantone area at 2347m a.s.l., agreeing with the limit of relict permafrost
proposed by Guglielmin and Siletto (2000).

Four different podzolization phases have been dated in the study areas: 13.5-11.5ka, 11-9.7ka, 9.3-
8ka, and 7.7-7.3ka. Moreover, analyzing precipitation and temperature conditions, glacial phases, and
the lower boundary of permafrost, it was possible to determine two different permafrost aggradation
periods at 11-9.7ka and 9.3-8ka, synchronous to podzolization in Val Cantone. In Stelvio Pass area,
instead, three different permafrost aggradation periods synchronous to podzolization have been found

at 11-9.7ka, 9.3-8ka, and 7.7-7.3ka.
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To conclude, it is clear that the glacial evolution of the four close different areas has been different in
time and space, even if some similarities have been shown: it is clear that to better reconstruct the
glacial evolution of the Alps, more local data are needed. Further investigations are suggested for the
comprehension of the occurrence of a different direction of transfluence on Gavia Pass before the
Youngest Dryas. More data are also desirable to better analyze the effect of the glacial re-coverage

over previously exposed roches moutonnées.
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